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Editorial on the Research Topic 


Vascular dysfunction and endocrine disorders


The intricate interplay between the vascular system and endocrine regulation is essential for maintaining organismal homeostasis. Endothelial and smooth muscle cells—core components of the vascular system—bear receptors for hormones and endocrine factors, enabling bidirectional crosstalk that modulates vascular tone, metabolism, and systemic health. When this crosstalk is disrupted, it triggers a cascade of pathologies affecting both systems, underscoring the need for integrated research into vascular dysfunction and endocrine disorders. This Research Topic, “Endothelial Dysfunction and Endocrine Diseases”, collects 17 articles that advance our understanding of the complex interactions between these systems, shedding light on novel mechanisms, risk factors, and potential therapeutic targets across diverse clinical contexts. Below, we summarize key findings from these contributions, highlighting their collective relevance to basic science and clinical practice.




Metabolic disturbances: linking endocrine imbalances to vascular risk

A central theme in this Research Topic is the role of metabolic dysfunction as a bridge between endocrine disorders and vascular pathology. Two meta-analyses and multiple observational studies dissected this relationship, starting with the association between metabolic syndrome (MetS) and subclinical hypothyroidism (SCH)—a common endocrine disorder linked to ischemic heart disease. A systematic review and meta-analysis by Zhong et al. found that MetS is associated with a 2.56-fold increased risk of SCH (95% CI 1.44–2.55). However, none of the individual components of MetS (e.g., hypertension or dyslipidemia) showed significant associations with SCH. This suggests that the synergistic metabolic perturbations of MetS, rather than isolated factors, drive the risk of SCH —emphasizing the need for holistic metabolic management in at-risk populations.

Complementing this, studies on lipid metabolism markers further connected endocrine and vascular health. One cross-sectional analysis by Tai et al., which used NHANES data from 2005 and 2018, demonstrated that the residual cholesterol-to-high-density lipoprotein cholesterol ratio (RC/HDL-C) is strongly positively associated with hyperuricemia: each 1-unit increase in RC/HDL-C raised the risk of hyperuricemia by 98%. Another NHANES-based study focused on adult men and revealed that the atherogenic index of plasma (AIP)—a marker of lipid metabolism—correlates with testosterone deficiency (TD): each unit increase in AIP was linked to a 2.81-fold higher risk of TD. These findings highlight how lipid-derived biomarkers could serve as predictive tools for endocrine-vascular comorbidities, guiding early intervention.

Vitamin D deficiency emerges as another critical metabolic driver of vascular-endocrine dysfunction. A preclinical study by Kamel et al. showed that vitamin D deficiency exacerbates MetS by impairing endothelial function, increasing oxidative stress (via elevated malondialdehyde), and promoting vascular inflammation. Rats with combined vitamin D deficiency and MetS exhibited thicker aortic walls, increased heart weight, and abnormal vascular reactivity—findings that translate to human health by identifying vitamin D supplementation as a potential strategy to mitigate MetS-related vascular damage.





Reproductive endocrinology: pregnancy, hormones, and long-term vascular health

Several articles focus on reproductive endocrine contexts, where hormonal fluctuations during pregnancy and menopause exert profound, often long-lasting effects on vascular function. A cross-sectional study by He et al., using NHANES data from 2013 to 2014, found that lower serum estradiol (E2) levels correlate with a higher prevalence of abdominal aortic calcification (AAC) in postmenopausal women. Women in the lowest E2 tertile (2.12–3.57 pg/mL) had a 2.55-fold higher risk of prominent AAC (Kauppila score >5) compared to those in the highest tertile (7.06–38.4 pg/mL). This reinforces the role of E2 in maintaining cardiovascular health in postmenopausal women and supports E2 monitoring for the early prevention of AAC.

Pregnancy-related endocrine disorders, such as gestational diabetes mellitus (GDM) and preeclampsia, were also explored for their vascular impacts. A review by Zhang et al. synthesized evidence showing that GDM disrupts maternal cardiovascular function, umbilical-placental perfusion, and fetal blood flow through mechanisms including endothelial dysfunction, insulin resistance, and epigenetic modifications. These effects increase the long-term cardiovascular risk for both mothers and their offspring, highlighting the need for postpartum vascular surveillance in GDM patients.

Preeclampsia—characterized by pregnancy-induced hypertension—was the focus of a transcriptomic study by Xu et al., which for the first time analyzed gene expression in pure placental microvessels (rather than in whole placental tissue). The study identified 486 differentially expressed transcripts, with hub genes (e.g., ELMO1, YWHAE, and IL6ST) down-regulated in preeclamptic small blood vessels. Functional tests revealed blunted vasoconstriction to angiotensin II and reduced vasodilation to nitric oxide donors in preeclamptic blood vessels—findings that suggest novel molecular targets for preeclampsia’s vascular pathology.

Prenatal exposure to glucocorticoids (GCs) is another key reproductive factor linked to offspring vascular dysfunction. A review by Q. Gao et al. explained that while placental 11β-hydroxysteroid dehydrogenase 2 normally protects fetuses from maternal GCs by inactivating cortisol, adverse prenatal factors (e.g., stress, caffeine, synthetic GC use) can overwhelm this barrier. Excessive fetal GC exposure leads to long-term cardiovascular issues in offspring, including hypertension and impaired vascular function—underscoring the need for cautious GC use in pregnancy.





Diabetes and its vascular complications: from cognitive impairment to macrovascular disease

Type 2 diabetes mellitus (T2DM)—a hallmark endocrine-metabolic disorder—was the focus of three articles, each exploring distinct vascular sequelae. A pilot study by Hou et al. used 3D-arterial spin labeling (3D-ASL) to measure cerebral blood flow (CBF) in T2DM patients with mild cognitive impairment (MCI). Compared to T2DM patients without MCI, those with MCI had significantly lower CBF in the temporal, parietal, occipital, and hippocampal regions. Hippocampal CBF exhibited the greatest diagnostic efficacy for MCI (AUC = 0.813), positioning 3D-ASL as a promising tool for early MCI detection in patients with T2DM.

Another study (by Wang et al.) investigated Isthmin-1 (ISM-1)—a novel adipokine—in T2DM patients with macrovascular complications (MACV). Serum ISM-1 levels were highest in MACV patients, followed by T2DM patients without MACV, and lowest in healthy controls. ISM-1 positively correlated with blood pressure, triglycerides, HbA1c, and insulin resistance (HOMA-IR), suggesting that it may contribute to macrovascular disease by disrupting glucose-lipid metabolism.

Acute ischemic stroke (AIS) in T2DM patients was explored in a retrospective study by (Wang et al.). The authors found that HbA1c >6.5% is associated with severe hypercoagulability and heightened inflammation (via markers like the systemic immune-inflammation index, SII). An HbA1c level >6.5% was an independent predictor of hypercoagulability (OR = 1.74), linking chronic hyperglycemia to thromboinflammation in AIS—findings that support the idea that tight glycemic control improves stroke outcomes.





Therapeutic insights and emerging targets

This Research Topic also offered critical insights into therapeutic interventions for vascular-endocrine disorders. For example, a network meta-analysis (by Keng et al.) of 18 randomized controlled trials (RCTs) compared six interventions for thin endometrium—a common cause of infertility in assisted reproductive technology (ART). Platelet-rich plasma (PRP) ranked highest for improving clinical pregnancy rates (SUCRA = 80.12%) and was among the top three for increasing endometrial thickness (SUCRA = 68.14%), making it a promising first-line option for ART patients.

In atherosclerosis—driven by endothelial dysfunction—a review by Yan et al. categorized adipokines into protective (e.g., adiponectin, FGF21, and CTRP9) and detrimental (e.g., leptin, resistin, and FABP4) subsets. Targeting adipokines by enhancing protective adipokine signaling or inhibiting detrimental ones could offer novel therapies for atherosclerosis-related cardiovascular disease (CVD).

Finally, a review by Lan et al. expanded the scope of vasoactive agents—traditionally used for cardiovascular regulation—by exploring their non-cardiovascular effects. Agents such as angiotensin II and vasopressin influence endocrine functions (e.g., insulin secretion), the central nervous system, and gastrointestinal motility, emphasizing the need to monitor off-target effects in clinical practice.





Future directions

This Research Topic underscores the interconnectedness of vascular dysfunction and endocrine disorders, spanning metabolic syndrome, reproductive health, diabetes, and beyond. Key takeaways include the identification of novel biomarkers (e.g., RC/HDL-C, AIP, and hippocampal CBF), the role of hormonal fluctuations (e.g., E2 and GCs) in vascular health, and promising therapeutics (e.g., PRP, vitamin D supplementation, and adipokine targeting).

Future research should prioritize longitudinal studies to confirm causal relationships (e.g., between RC/HDL-C and hyperuricemia) and large-scale RCTs to validate interventions such as PRP for thin endometrium. Additionally, integrating multi-omics approaches—such as transcriptomics (e.g., preeclamptic placental microvessels) and microbiomics (emerging in endometriosis research)—will deepen our understanding of the underlying mechanisms.

By bridging the gap between basic science and clinical practice, this Research Topic provides a foundation for personalized strategies to prevent, diagnose, and treat vascular-endocrine comorbidities—ultimately improving patient outcomes and advancing the field of integrative cardiovascular-endocrine medicine.
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Background

Subclinical hypothyroidism (SCH) is a common endocrine subclinical disorder, the main adverse consequences of which are the development of clinical hypothyroidism and the promotion of ischemic heart disease. Metabolic syndrome (MetS) is a collection of metabolic problems. The goal of this meta-analysis was to evaluate the relationship between MetS and SCH.





Methods

Suitable publications were identified using PubMed, Embase, and the Cochrane Library. The meta-analysis included only studies in English that reported odds ratio (OR) data for MetS and SCH. Two researchers combined data using a random-effects model. OR and 95% confidence intervals (CIs) were used to present the results.





Results

MetS was associated with an elevated risk of developing SCH (OR 2.56, 95% CI 1.44–4.55). However, the individual components of MetS were not associated with the risk of SCH. Subgroup analysis revealed that different definitions of MetS had varying effects on SCH. Sensitivity analysis confirmed that our results were robust.





Conclusions

This meta-analysis indicates that patients with MetS have an increased risk of SCH, while there is no significant association between the five individual components of MetS and the risk of SCH.





Systematic review registration

https://www.crd.york.ac.uk/PROSPERO/, identifier CRD42023454415.
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1 Introduction

Metabolic syndrome (MetS) is a pathological state of a variety of metabolic disorders, including obesity, hyperglycemia, hypertension, and dyslipidemia (1, 2). It is recognized as one of the clinical syndromes that significantly impact human health (1, 3–6), affecting an estimated 25% of the world’s population (4, 6, 7). The risk of cardiovascular disease would be significantly increased when these metabolic abnormalities co-exist in an individual.

Subclinical hypothyroidism (SCH) is a metabolic disease that has no obvious clinical symptoms and signs, and the thyroid hormone level is normal and the thyroid-stimulating hormone (TSH) in the blood is elevated (8, 9). A growing body of research shows that SCH is associated with lipid abnormalities, increased cardiovascular risk, and metabolic disorders such as high blood pressure, chronic inflammation, and a hypercoagulable state of the blood, especially in older women (10). Many studies have also pointed to thyroid disorders as being complications of MetS and type 2 diabetes (11, 12). Numerous studies have shown a connection between thyroid hormone and TSH levels in serum and elements of the MetS (13–16). For instance, in a study by Kim et al., serum free thyroxine 4 (FT4) concentrations were found to be positively correlated with blood pressure, fasting glucose, high-density lipoprotein cholesterol (HDL-C), and triglyceride (TG) levels (13). Furthermore, MetS and SCH have been frequently linked in the studies (17). In a study of 2,119 people aged 70 to 79 years, Antika et al. found that elevated TSH levels increased the risk of MetS (1). However, the relationship between MetS and its five components with SCH remains a subject of debate (18, 19). Consequently, we conducted this systematic review and meta-analysis to explore whether MetS and its components are associated with an increased risk of SCH.




2 Method

The study has been reported according to PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses), and the registration number is CRD42023454415 (PROSPERO registration platform).



2.1 Search strategy

In the PubMed, Cochrane Library, and EMBASE databases, two researchers (SL and LZ) independently looked for publications published from January 1988 to March 2023. The following were searched for words: (“Subclinical hypothyroidism” OR “SCH” OR “hyperthyroidism” OR “sub-clinical thyroid deficiency”) AND (“Metabolic Syndrome” OR “Metabolic Cardiovascular” OR “Dysmetabolic” OR “Metabolic X”). We only considered research that was written in English. To find prospective acceptable articles, we also looked for and read the complete contents of references from the original studies.




2.2 Selection criteria

The following were the research’s inclusion requirements: (1) observational studies (cohort studies, case–control studies, and cross-sectional studies) published in English; (2) the primary outcome was the effect of MetS on SCH prevalence; and (3) there were sufficient data to do a comprehensive analysis. Studies, however, were instantly disqualified when they met any of the following requirements: (1) publications are studies such as case reports, animal experiments, or conference abstracts that do not provide critical data; and (2) diagnostic criteria for MetS and SCH were not provided.




2.3 Data extraction

The following information was gathered by SL and LZ: initially, the basics (first author’s name, publication year, and place of publishing); second, participant data (size of the sample, mean age, and sex ratio); and third, MetS and SCH diagnostic standards. Two examiners independently extracted the data and cross-checked them and individually evaluated the quality of every research according to the Newcastle–Ottawa Scale (NOS) and the Agency for Healthcare Research and Quality (AHRQ). Every study was given a rating based on whether it was low (<4), medium, or high quality (>8). All disagreements were worked out by mutual consent and discussion with another author (JFL).




2.4 Statistical analyses

Odds ratios (ORs) and its 95% CI were used to assess the correlation between MetS and SCH. Furthermore, we evaluated the effects of each MetS factor on the risk of SCH. The I2 was applied to evaluate statistical heterogeneity for each study. An I2 statistic of less than 25% indicates low heterogeneity, a score greater than 75% indicates high heterogeneity, and a score between the two indicates moderate heterogeneity. When the heterogeneity of the study is large, subgroup analysis and/or meta-regression will be used to find the source of heterogeneity. Sensitivity analysis was used to measure the stability of the study. All data were combined using a random-effects model. Publication bias was evaluated through Egger’s test and Begg’s test. All analyses were performed by Stata, and p < 0.05 denotes statistical significance.





3 Results



3.1 Search results

A flowchart that depicts the literature screening procedure is shown in Figure 1. A total of 701 studies were found in the database. Studies that failed to meet the inclusion criteria and all duplicate articles were removed. Nine studies (2, 18–25) in total met the inclusion requirements for the present analyses. On the chosen literature, we performed a meta-analysis and systematic review.

[image: Flowchart illustrating the process of research study selection. Identification phase: 701 records from databases (PubMed, Embase, Cochrane Library) result in 180 duplicates removed. Screening phase: 521 records are screened, 36 excluded for meta-analysis, reviews, animal experimentation, and conference abstracts. 485 records preliminarily screened, 452 excluded by title/abstract. Eligibility phase: 33 reports assessed, 25 excluded for language, relevance, and data issues. Inclusion phase: 9 studies included in the review, plus 1 obtained from reference list.]
Figure 1 | Flowchart of selecting studies.




3.2 Characteristics of the included studies

The study comprises research published between 2007 and 2022, and it received an average quality rating of 8.7 stars (Supplementary Tables S1–S3). There were three different kinds of investigations, including a cohort study, four case–control studies, and four cross-sectional studies. Table 1 provides a summary of the fundamental characteristics of each study included in this meta-analysis.

Table 1 | Characteristics of the studies included in the quantitative and qualitative review.


[image: Table showing details of studies on subclinical hypothyroidism and metabolic syndrome. Columns include author/publication year, study design, region, mean age, sample size, sex distribution, MetS diagnostic criteria, subclinical hypothyroidism criteria, and study quality. Sample sizes range from 90 to 66,822, with varying ages and diagnosis criteria like NCEP-ATP III, AHA, and IDF. The highest study quality score is 10. The table includes abbreviations such as SCH for subclinical hypothyroidism and MetS for metabolic syndrome.]



3.3 Meta-analysis results

Figure 2 presents the forest plots from the meta-analysis of SCH and MetS. In contrast to non-MetS patients, those with MetS had a higher prevalence of SCH (OR 2.56, 95% CI 1.44–4.55). However, our study did not find an association between the various components of MetS and the incidence of SCH (Figure 3).

[image: Forest plot displaying odds ratios and confidence intervals for multiple studies. Each study is represented by a square, with lines indicating 95% confidence intervals. The size of the square relates to study weight. An overall diamond shows a pooled odds ratio of 2.56 with a 95% confidence interval of 1.44 to 4.55, with I-squared value at 88.6% indicating statistical heterogeneity.]
Figure 2 | Forest plot of the relationship between MetS and SCH.

[image: Five forest plots (A-E) depict studies on subclinical hypothyroidism (SCH) relationships with various conditions. A shows SCH and obesity, B shows hypertriglyceridemia, C shows low HDL-c levels, D shows hyperglycemia, and E shows hypertension. Each plot includes study IDs, odds ratios (OR), confidence intervals (CI), and study weights. Overall ORs are represented by diamonds, indicating pooled results. Horizontal lines display individual study CIs, and positioning relative to the vertical line indicates effect size significance.]
Figure 3 | Forest plot of the relationship between MetS components and SCH. (A) Relationship between SCH and obesity. (B) Relationship between SCH and hypertriglyceridemia. (C) Relationship between SCH and low HDL-c level. (D) Relationship between SCH and hyperglycemia. (E) Relationship between SCH and hypertension.




3.4 Sensitivity analysis and publication bias

Sensitivity analyses of nine articles showed that arbitrary deletion of the literature in this study will not affect the results of this study, meaning that the above results are stable and reliable (Figure 4). Either Egger regression analysis or funnel plots (Figure 5) indicated the presence of no publication bias for our analyses.

[image: Forest plot showing meta-analysis estimates when each study is omitted. Studies listed are Uzunlulu 2007, Meher 2013, Udenze 2014, Gyawali 2015, Chang 2017, Saluja 2018, Suhashini 2018, Mehran 2021, and Rao 2022. Each line represents the confidence interval range, with circles indicating estimates. The plot ranges from 1.26 to 6.28 on the x-axis.]
Figure 4 | Sensitivity analysis of studies on the effects of MetS on SCH.

[image: Funnel plot displaying the standard error on the y-axis and the odds ratio on the x-axis, with points scattered within pseudo 95% confidence limits represented by dashed lines forming an inverted triangle.]
Figure 5 | Funnel plot of studies on the effects of MetS on SCH.





4 Discussion

Obesity, hypertension, hyperlipidemia, and hyperglycemia are among the metabolic risk factors that can occur together to form MetS. It is significant to note that multiple cross-sectional studies revealed a connection between SCH and MetS and its components (26–28). Our meta-analysis comprehensively assessed the association between SCH and MetS by taking into account and evaluating the results of nine independent observational studies. Our results were in agreement with the majority of previous studies in that MetS would increase the risk of developing SCH. Surprisingly, our study found no significant association between the individual components of MetS and the risk of SCH. Analysis of sensitivity and the detection of publication bias supported the stability of our findings.

Although hypothyroidism is frequently thought to be secondary to weight gain (7), more recent arguments have been made that hypothyroidism may be secondary to obesity (26, 29–31). A possible explanation was that leptin, cytokines, and other inflammatory markers are produced by excessive adipose tissue (31), which may inhibit sodium/iodide symporter mRNA expression and disrupt iodide uptake activity in thyroid cells (32, 33) or modulate the expression and activity of deiodinases (34, 35). Additionally, evidence from people and a mouse model suggests that obesity causes fat to build up in the thyroid gland. Studies on obese mice suggest that this may have an impact on the thyroid’s ability to produce hormones and cause SCH (36). The cause of the link between fat and hypothyroidism still has to be clarified, though.

Numerous studies have revealed that people with diabetes may have different serum concentrations of thyroid hormones (37). Type 2 diabetes mellitus has been proven to be negatively correlated with serum TSH38 levels (37), and it has been shown that poorly controlled diabetes removed the nocturnal TSH peak because the TSH response to TRH was disturbed (38). In a few studies, it has also been shown that SCH leads to insulin resistance (39, 40). This connection between hypothyroidism and insulin resistance, which refers to one such scenario where insulin resistance plays a key role in the clustering of risk factors for cardiovascular disease, can help to explain why people with MetS experience an elevated incidence of hypothyroidism.

Although it is generally accepted that there is a strong relationship between hypercholesterolemia and clinical hypothyroidism (41), Chang et al.’s analysis suggests that high serum triglycerides may be an important independent factor in increasing SCH risk (18). Meanwhile, Shao and colleagues also discovered that rats fed a high-fat lard diet for 24 weeks had significantly higher serum triglyceride levels in both the serum and thyroid tissue, lower serum total and free T4 levels in conjunction with higher serum TSH levels, and altered macro- and micromorphology of the thyroid gland (42). Furthermore, Han and colleagues showed in a study on animals that a high-fat diet could harm mice’s thyroid glands and result in a thyroid hormone disorder (43). In our investigation, no correlation between hypertriglyceridemia and SCH was found. It is necessary to conduct more research to determine whether dietary factors may play a role in SCH incidence in those who are at risk.

In a recent study, Cai et al. (44) examined the connection between thyroid function and various forms of hypertension. They discovered that patients with clinical hypertension had higher serum TSH levels than patients with clinical normal blood pressure, and that people with ambulatory hypertension frequently had higher serum TSH levels than people with ambulatory normal blood pressure (44). Another study carried out in India revealed that individuals with high blood pressure had much higher average TSH than the general population (45). In addition, the study found that in new cases of hypothyroidism across all cohorts, SCH was more common than overt hypothyroidism (45). This is due to the fact that SCH is indicative of the early or beginning phases of thyroid illness, which, if left untreated, can result in severe hypothyroidism (45). Furthermore, among all the pathogenic pathways that might result in hypertension, a number of them are linked to hypothyroidism (46). These pathways include altered catecholamine levels in the blood, perturbations to the renin–angiotensin–aldosterone system, and elevated peripheral vascular resistance (47, 48). Therefore, we believe that there may be an interactive relationship between hypertension and SCH. However, since most of these studies are cross-sectional studies, more clinical trials and basic research are needed to confirm them.

Furthermore, there was strong heterogeneity in the results of our study. The reasons for this may be the differences in the diagnostic criteria of MetS and SCH, study population, and epidemiological study methods included in the study. Further prospective, multicenter, large cohort studies are needed to confirm this.

Additionally, the study contains some flaws. First of all, since the majority of the literature used in this investigation was observational, it might be challenging to differentiate between cause and effect from the correlation between SCH and MetS. Secondly, there have not been as many investigations on the connection between MetS and SCH, which might make the findings less trustworthy. Thirdly, the results of our study have strong heterogeneity, and we were unable to conduct subgroup analyses for additional characteristics, such as sex and age, due to a lack of data, which prohibited us from exploring the potential relationship between MetS and SCH in greater detail. Moreover, most of the articles selected for our study were based on people from China and India, which may have influenced the results. Therefore, it is necessary to conduct more longitudinal large-scale prospective cohort studies to determine whether MetS may play a role in SCH incidence.

In our meta-analysis of nine studies, the patients with MetS were found to be associated with an increased incidence of SCH. However, no significant association was found between the five components of MetS and the risk of SCH.
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Glucocorticoids (GCs) are steroid hormones fundamental to the body’s normal physiological functions and are pivotal in fetal growth and development. During gestation, the mother’s cortisol concentration (active GCs) escalates to accommodate the requirements of fetal organ development and maturation. A natural placental GCs barrier, primarily facilitated by 11β hydroxysteroid dehydrogenase 2, exists between the mother and fetus. This enzyme transforms biologically active cortisol into biologically inactive corticosterone, thereby mitigating fetal GCs exposure. However, during pregnancy, the mother may be vulnerable to adverse factor exposures such as stress, hypoxia, caffeine, and synthetic GCs use. In these instances, maternal serum GCs levels may surge beyond the protective capacity of the placental GCs barrier. Moreover, these adverse factors could directly compromise the placental GCs barrier, resulting in excessive fetal exposure to GCs. It is well-documented that prenatal GCs exposure can detrimentally impact the offspring’s cardiovascular system, particularly in relation to blood pressure, vascular function, and heart function. In this review, we succinctly delineate the alterations in GCs levels during pregnancy and the potential mechanisms driving these changes, and also analyze the possible causes of prenatal GCs exposure. Furthermore, we summarize the current advancements in understanding the adverse effects and mechanisms of prenatal GCs exposure on the offspring’s cardiovascular system.
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1 Introduction

Glucocorticoids (GCs) are critical stress hormones involved in various fundamental processes, including metabolic homeostasis, cognition, and development (1, 2). They exhibit potent anti-inflammatory and immunosuppressive effects, making synthetic GCs such as dexamethasone and betamethasone, a common clinical treatment for a broad spectrum of autoimmune, inflammatory, and allergic diseases (2, 3). GCs not only serve as effective therapeutic agents for numerous diseases but also function as essential steroid hormones for maintaining the body’s normal physiological functions, particularly for fetal growth and development (4, 5). During the second and third trimester, endogenous GCs can stimulate the development and maturation of fetal organs such as the lungs and kidneys (5). This process can also be induced prematurely by exogenous GCs. Consequently, GCs are frequently administered clinically to pregnant women at risk of preterm labor to decrease the mortality rate among premature infants.

Despite the significant role of GCs in treating various diseases and maintaining physiological functions, chronic or excessive exposure to GCs has been linked to an increased risk of cardiovascular diseases (6, 7). GCs exert direct effects on the heart and blood vessels, mediated by glucocorticoid and mineralocorticoid receptors and modulated by the local metabolism of GCs via the enzyme 11β-hydroxysteroid dehydrogenase (11βHSD). This direct impact on the cardiovascular system can impair vascular and cardiac functions and potentially resulting in cardiovascular diseases (8).

Recent findings suggest that preterm infants treated prenatally with betamethasone (synthetic GCs) exhibit a transient physiological peak in circulating GCs bioactivity (9). This implies that prenatal exposure to GCs may lead to elevated fetal circulating cortisol concentrations, potentially exerting long-term effects on the cardiovascular system of the developing fetus. When there is an excessive amount of active GCs in the fetal blood circulation, it is bound to affect the development and function of the fetal cardiovascular system, and further lay the foundation for the occurrence of cardiovascular system health problems after birth.

Increasing evidence now suggests that many adult cardiovascular diseases may be linked to intrauterine growth and development (10, 11). The theory that adult cardiovascular diseases have fetal origins has been extensively corroborated by numerous studies over the past two decades (11, 12). Recently, due to the rising prevalence of prenatal GCs exposure, many researchers have sought to investigate the long-term effects of prenatal GCs exposure on the cardiovascular system of offspring (13–15). Studies have demonstrated that excessive prenatal GCs exposure can negatively impact the cardiovascular system of both the fetus and the adult offspring, particularly in relation to blood pressure, vascular function, and cardiac development (14–16). This review primarily focuses on the detrimental effects and mechanisms associated with prenatal GCs exposure on the cardiovascular system of the offspring, as well as potential contributing factors to prenatal GCs exposure and their mechanisms.




2 GCs synthesis and changes during pregnancy

GCs are synthesized in the adrenal cortex through the enzymatic processing of cholesterol (17), with cortisol (also known as hydrocortisone) accounting for 90% of the total. GCs secretion can be categorized into basal secretion, which occurs under normal physiological conditions, and stress secretion, which occurs in response to stress. Both types of secretion are regulated by the hypothalamic-pituitary-adrenocortical (HPA) axis. In response to psychological or physiological stress, neurons in the paraventricular nucleus (PVN) of the hypothalamus synthesize corticotropin-releasing hormone (CRH) and release it into the pituitary portal vein (18). This stimulates the anterior pituitary gland to release adrenocorticotropic hormone (ACTH) into the bloodstream, which in turn triggers the synthesis and secretion of GCs from the adrenocortical zona fasciculata (19, 20). As a fat-soluble steroid hormone, GCs can easily penetrate the cell membrane and bind to the cytoplasmic glucocorticoid receptor (GR). The GR then translocates to the nucleus and binds to the glucocorticoid response element (GRE) in the target region, thereby regulating the transcription and translation of target genes and eliciting corresponding gene effects (Figure 1) (21, 22). Cortisol, a steroid hormone crucial for early gestational pregnancy establishment (23, 24), also plays a vital role in fetal development. A significant increase in fetal serum GCs levels before birth is essential for the normal development of fetal lungs and other organs (25). Studies have demonstrated a substantial rise in both total cortisol and biologically active plasma free cortisol concentrations in pregnant women (26, 27).

[image: Diagram illustrating the interaction between GCs (glucocorticoids) and GR (glucocorticoid receptors) in target cells. GCs enter the cytoplasm and bind to GR. The complex moves into the nucleus, interacts with GRE (glucocorticoid response element), influencing transcription and translation of target genes.]
Figure 1 | The main pathway by which GCs produce genetic effects in their target cells. The fat-soluble steroid hormones GCs can penetrate the cell membrane of target cells and bind to the GR in the cytoplasm, and cause the GR to translocate to the nucleus and bind to the GRE in the target region, thereby regulating the transcription and translation of the target gene. GCs, Glucocorticoids; GR, glucocorticoid receptor; GRE, glucocorticoid response element.




3 Placental GCs barrier

The human placenta, is characterized by the direct interface between maternal blood circulation and placental villi. These villi, the site of nutrient and gas exchange between the mother and fetus, are enveloped by two layers of trophoblasts (28). The syncytiotrophoblast, one of these layers, is situated in the intervillous space of the chorionic villi and serves as the primary defense line, shielding the fetus from potentially harmful maternal substances (28). Although the fetal HPA axis can secrete a minimal amount of cortisol in late pregnancy, approximately 50% of fetal cortisol originates from the mother via placental blood circulation. The maternal endogenous cortisol concentration during pregnancy is 5-10 times higher than that in the fetus. This concentration gradient is largely maintained by the placental GCs barrier, which is reinforced by 11β-hydroxysteroid dehydrogenase 2 (11βHSD2) (28). 11βHSD2, a glucocorticoid-inactivating enzyme, has a high affinity for cortisol and can convert biologically active cortisol into inactive cortisone, thereby protecting the fetus from the detrimental effects of maternal GCs overdose (Figure 2) (28). 11βHSD2 is present on the surface of the chorionic villi early in pregnancy and plays a crucial role in safeguarding embryonic development (28). As fetal age increases, the activity and expression of 11βHSD2 rise correspondingly until late gestation when it starts to decline (29, 30).

[image: Diagram depicting the process in syncytiotrophoblast cells showing DNA methylation and histone modification on the promoter of the 11βHSD2 gene. This leads to transcription into 11βHSD2 mRNA, followed by translation into 11βHSD2 protein, which converts cortisol into cortisone. The image includes a visual of the placental structure with cellular connections.]
Figure 2 | Expression of 11βHSD2 and its major role. 11βHSD2, expressed in the syncytiotrophoblast of placental villi, converts biologically active cortisol to inactive cortisone and is regulated by DNA methylation and histone modifications.

It is currently understood that the expression of 11βHSD2 is strictly regulated by several mechanisms, including DNA methylation and histone modification. The methylation pattern within the promoter of the 11βHSD2 gene is established during trophoblast fate determination (28). Rasoul, et al. reported that the methylation level of the CpG island in the promoter is a determinant of whether 11βHSD2 gene expression is repressed (31). Research has also demonstrated that the regulation of the 11βHSD2 gene is influenced by human chorionic gonadotropin (hCG) (32, 33). The specific mechanism involves hCG triggering the cAMP/PKA pathway, which in turn inactivates the PRB-e2F1-EZH2 pathway. This sequence of events results in a decrease in histone H3 lysine 27 methylation and an increase in acetylation levels at the 11βHSD2 gene promoter region. Consequently, the transcription factor specificity protein 1 (Sp1) can bind to the 11βHSD2 gene promoter, thereby enhancing its transcription (32, 33). Furthermore, studies have indicated that the activity of placental 11βHSD2 can be affected by various factors (34, 35). For instance, elevated levels of cortisol in the maternal environment during pregnancy or the prenatal use of synthetic GCs can diminish 11βHSD2 activity (9).

Given the crucial role of 11βHSD2 in the placental GCs barrier and in safeguarding the fetus from the risks of excessive GCs exposure, even minor alterations in its expression and activity can have detrimental effects on fetal development. Therefore, the mechanisms regulating the expression and activity of 11βHSD2 in the placenta warrant further investigation and clarification.




4 Possible causes of prenatal GCs exposure

During pregnancy, the placental GCs barrier provides a degree of protection to the fetus from maternal excess GCs. However, under certain exceptional circumstances, such as impaired placental barrier or maternal exposure to high levels of GCs, the fetus can be adversely affected by GCs. Prenatal GCs exposure can occur via two primary pathways: endogenous and exogenous. The endogenous pathway primarily results from overproduction of GCs and impairment of the placental GCs barrier, while the exogenous pathway involves the use of synthetic GCs, typically for maternal immune disorders and to prevent complications in preterm infants (Figure 3).
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Figure 3 | Major pathways of prenatal GCs exposure and their possible mechanisms. There are two main endogenous and exogenous routes of prenatal fetal exposure to GCs. The endogenous pathway is mainly due to overproduction of GCs and impaired placental GCs barrier, whereas the exogenous pathway is mainly due to the use of synthetic GCs, which are commonly used for the treatment of maternal immune disorders and the prevention of preterm birth complications. Among these, impairment of the placental GCs barrier caused by exposure to adverse factors occurs mainly by affecting the expression of 11βHSD2. GCs, Glucocorticoids; GR, glucocorticoid receptor; GRE, glucocorticoid response element.



4.1 Endogenous factors



4.1.1 Increase in GCs secretion

GCs are the final product of the HPA axis. Any disruption to the HPA axis can potentially lead to an abnormal surge in the body’s GCs secretion. This, in turn, may result in the fetus being exposed to excessive GCs. Maternal plasma cortisol levels are known to escalate and reach their peak during late gestation, with serum cortisol levels tripling compared to those in non-pregnant women. Concurrently, the concentrations of placental 11βHSD2 decrease in late pregnancy. This reduction allows more cortisol to permeate the placenta (36), thereby increasing the fetus’s susceptibility to excessive GCs during late gestation. Therefore, from a physiological perspective, late pregnancy presents a critical window for fetal exposure to cortisol. In addition to physiological factors, exposure to adverse prenatal conditions can also contribute to elevated maternal GCs secretion. Prenatal stress, for instance, has been shown to increase serum corticosterone concentrations of pregnant rats (37, 38). In a study by Takahashi et al., it was found that the rise in plasma corticosterone concentrations in pregnant rats, induced by prenatal stress, primarily occurred 24 and 48 hours post-stress exposure. This increase was accompanied by a significant decrease in maternal steroid-binding globulin levels, suggesting that stress primarily triggers an increase in the circulating levels of free corticosterone in vivo (39). In addition, Ge et al. reported that prenatal exposure to caffeine also increased maternal serum, fetal serum and placental corticosterone levels, which may be due to epigenetic regulation of the RYR/JNK/YB-1 pathway affecting cortisol efflux function (40). In conclusion, an increase in GCs secretion, driven by a combination of physiological and pathological factors, is the primary cause of fetal exposure to excessive GCs.




4.1.2 Impaired placental GCs barrier



4.1.2.1 Prenatal stress

Both human and animal studies indicate that prenatal acute and chronic stress may differentially impact the expression of 11βHSD2 in the placenta. Acute stress appears to stimulate placental 11βHSD2 expression (32, 41), whereas chronic stress seems to inhibit it (42–45). The up-regulation of placental 11βHSD2 expression in response to acute stress may represent an immediate protective mechanism by the fetus to counteract a sudden surge in maternal GCs. Conversely, the suppression of placental 11βHSD2 expression under chronic stress may serve as a survival strategy for the fetus, given that chronic stress often predisposes to preterm labor (46). This inhibition allows more cortisol to permeate the fetal circulation, thereby expediting the maturation of crucial fetal organs to ensure survival. However, this survival strategy is a double-edged sword, as it results in growth restriction and consequently elevates the risk of chronic disease development later in life. Currently, while the mechanism through which acute stress stimulates placental 11βHSD2 expression remains elusive, emerging evidence suggests that the down-regulation of placental 11βHSD2 expression induced by chronic stress may be associated with DNA methylation (47–49). For instance, Catherine et al. revealed that prenatal stress increased DNA methylation at specific CpG sites within the 11βHSD2 gene promoter in the placenta (48). Although the detailed mechanisms by which chronic stress during pregnancy leads to high DNA methylation of the 11βHSD2 gene are not clear, increased expression of DNA methyltransferases may be involved in this process (48).




4.1.2.2 Prenatal hypoxia

Prenatal hypoxia, a common pregnancy complication, is often induced by a variety of factors including maternal, placental, and fetal conditions. This condition can disrupt the placental GCs barrier by impacting 11βHSD2 expression (50, 51). A murine study demonstrated that maternal hypoxia during mid- to late-gestation not only modified placental morphology but also resulted in reduced expressions of 11βHSD2 and GR in the placenta (50, 52). Similarly, human studies have reported a reduction in placental 11βHSD2 expression during fetal asphyxia in late-stage intrauterine growth restriction pregnancies (51). In vitro studies have corroborated these findings, showing inhibited induction of 11βHSD2 when cells are exposed to hypoxic conditions (53, 54). Concurrently, both maternal and fetal plasma cortisol levels, as well as the ratio of fetal to maternal plasma cortisol levels, were found to be elevated in cases of prenatal hypoxia (52). This suggests that prenatal hypoxia suppresses 11βHDS2 expression and enhances the rate of maternal cortisol crossing the placenta. Additionally, the abundance of 11βHSD2 mRNA was also diminished in placentas affected by prenatal hypoxia, indicating that the reduction in 11βHSD2 expression may be associated with transcriptional inactivation. This implies that prenatal hypoxia may reprogram the expression of the 11βHSD2 gene through DNA methylation (52).




4.1.2.3 Prenatal caffeine exposure

Caffeine is widely found in coffee, tea, soft drinks, foods and medications, and it is also very common today for women to consume caffeine during pregnancy. Caffeine, due to its high fat solubility, can traverse the placental barrier and enter the fetus. Its slow metabolism and excretion within the fetus can lead to its accumulation, potentially causing detrimental effects on fetal health. One such effect is the impairment of the placental GCs barrier. This may be attributed to caffeine’s inhibitory effect on the expression of 11βHSD2 in the placenta (55), resulting in an excess of corticosterone. This, in turn, leads to elevated levels of circulating corticosterone in the fetus, thereby increasing the risk of various chronic diseases in the offspring (56–58). Currently, the exact mechanism through which prenatal caffeine exposure inhibits placental 11βHSD2 expression remains unclear. However, emerging evidence points towards the role of epigenetic modifications (59, 60).




4.1.2.4 Exposure to other adverse prenatal factors

In recent years, studies have found that exposure to heavy metals during pregnancy can also damage the barrier function of the placental GCs (61, 62). For example, prenatal exposure to cadmium disrupts the placental GCs barrier, leading to fetal exposure to high levels of cortisol, ultimately affecting the health of newborns and their offspring (61, 62). Fan et al. found that prenatal cadmium exposure can affect the binding of P300 and 11βHSD2 gene promoter regions by reducing Sp1 expression, thereby reducing acetylation modifications in the 11βHSD2 gene promoter region, and subsequently inhibiting the expression of 11βHSD2 (61). Chen et al. speculated that prenatal cadmium exposure inhibits placental 11βHSD2 expression by downregulating the cAMP/PKA/Sp1 signaling pathway (62).

In addition to the above adverse factors, recent studies have found that prenatal nicotine exposure and alcohol consumption have also differentially affected the function of the placental GCs barrier to varying degrees (62, 63). For example, Chen et al. found that prenatal nicotine exposure can lead to elevated maternal serum corticosterone levels, and significantly reduced placental 11βHSD2 mRNA levels (63). Liang et al. established a prenatal alcohol exposure model in pregnant mice and found that after prenatal alcohol exposure, serum corticosterone levels significantly increased, and placental 11βHSD2 expression decreased (64). Furthermore, it is discovered that the nutritional status of the mother during pregnancy can also impact the expression of placental 11βHSD2. Generally, excessive nutrition or obesity during pregnancy results in a reduction in placental 11βHSD2 expression (65, 66), while malnutrition has no effect on the expression of 11βHSD2 in the placenta (67). Currently, although a large quantity of studies has indicated that many prenatal adverse factors lead to a decrease in the expression of placental 11βHSD2 (Table 1), the underlying mechanism remains unclear, and further research and clarification are urgently required in the future.

Table 1 | Prenatal adverse factors in regulating placental 11βHSD2 expression.


[image: Table showing factors and their expression levels, all listed as "Down". Factors include Stress, Hypoxia, Caffeine, Cadmium, Nicotine, Alcohol, and Overnutrition. Each factor is accompanied by reference numbers in parentheses.]
In contrast to the function of 11βHSD2, 11βHSD1 has the ability to convert inactive GCs into active GCs, and 11βHSD1 and 11βHSD2 jointly regulate the level of active GCs in the local tissues of the fetus. In the fetal cardiovascular system, once there is any abnormality in the expression or activity of 11βHSD1/2, it will cause a change in the level of active GCs within the cardiovascular system, and then have a long-term influence on the development of the fetal cardiovascular system and the health of the offspring’s cardiovascular system. At present, although there are relatively numerous relevant research reports on the influence of prenatal adverse factors on the expression or activity of 11βHSD1/2 in fetal tissues (68–70), the research on the fetal cardiovascular system is rather limited. Hence, this review did not carry out a detailed overview of the research progress in this aspect.






4.2 Exogenous factors

The main route of prenatal exogenous GCs exposure is the use of synthetic GCs. GCs play a crucial role in promoting fetal organ maturation. Particularly in pregnant women threatened with preterm labor, synthetic GCs are widely used to accelerate lung maturation, thereby greatly improving the survival of preterm neonates (64). In addition, GCs use will be unavoidable when the mother has an autoimmune disease, such as connective tissue disease. What’s more, in order to suppress the overproduction of adrenal androgens in the fetuses of pregnant women at high risk of congenital adrenocortical hyperplasia, small doses of dexamethasone are usually given to pregnant women in the early stages of gestation in clinical treatment, which is effective in reducing the male genitalia of fetuses whose mother with congenital adrenocortical hyperplasia (71, 72). In conclusion, the clinical application of antenatal GCs has inevitable characteristics, especially for premature infants. Although they can promote lung maturation in premature fetuses, increase the rate of live births, and reduce the incidence of neonatal respiratory distress syndrome, their use also has long-term adverse effects on maternal and infant health.





5 Effects of prenatal GCs on offspring cardiac functions

Currently, a considerable amount of research indicates that prenatal GCs exposure can have long-term adverse effects on the heart development and function of fetuses and offspring (72, 73). For example, Langdown et al. found that offspring exposed to prenatal dexamethasone exhibit disrupted cardiac glucose metabolism, along with significant activation of the Akt/protein kinase B pathway and upregulation of GLUT1 expression in cardiac tissues (74). GLUT1 is a glucose transporter and a major mediator of basal glucose uptake in the heart. They further demonstrated that prenatal dexamethasone exposure upregulates cardiac GLUT1 expression through activation of the Akt/PKB pathway, leading to disrupted cardiac glucose metabolism in offspring (74). Cardiac uncoupling protein (UCP)-mediated metabolic adaptations define cardiac cell function in the heart (75), they found that prenatal GCs exposure also affects the expression of UCP in the hearts of fetal and adult offspring. Male fetuses exposed to prenatal GCs showed significantly increased expression of cardiac UCP2 and UCP3 proteins after birth, however, in adult male offspring exposed to GCs prenatally, the expression of UCP2 and UCP3 proteins was significantly decreased (76). In addition, overexpression of the conserved Ca2+-binding protein calreticulin impairs cardiac function (77). Normally, cardiac calreticulin expression decreases between 2-3 weeks of age and remains suppressed into adulthood. Langdown et al. observed that the impact of prenatal dexamethasone exposure on postnatal cardiac calsequestrin expression is minimal, but the decrease in postnatal cardiac calreticulin expression is eliminated, and adult cardiac calreticulin expression significantly increases (78). Given the known association between excessive cardiac calreticulin expression and impaired cardiac function, upregulation of cardiac calreticulin may increase the risk of adult heart disease due to prenatal overexposure to GCs.

Prenatal GCs exposure was also reported to alter the development of cardiac adrenergic and sympathetic processes in offspring (79). Bian et al. found that rat offspring exposed to prenatal dexamethasone had insufficient and decreased levels of norepinephrine, indicating that prenatal GC exposure can impair the development and activity of the fetal heart sympathetic nerve projections (79). Furthermore, their study also found that prenatal exposure to high doses of GCs interferes with the development of β-adrenergic receptor-mediated cell signaling in the rat offspring heart, enhances dose-dependent stimulation of adenylyl cyclase activity mediated by β-receptors, and increases cardiac adenylyl cyclase response (80). Similar to the effects observed in rodents, Vries et al. found that prenatal dexamethasone exposure can lead to changes in cardiac metabolism and HPA axis function in chlorocebus aethiops offspring (81). In order to further reveal the repair capacity of offspring hearts exposed to prenatal GCs for “secondary hits” such as ischemia-reperfusion (I/R), researchers constructed an I/R model (82, 83). Peng et al. found that compared to the normal group, offspring exposed to GCs prenatally after I/R had more pronounced cardiac dysfunction due to increased apoptosis of myocardial cells. They further found that bone morphogenetic protein 4 (BMP4), which is involved in myocardial cell differentiation and development pathways, was significantly downregulated in myocardial cells of offspring exposed to prenatal GCs, with a significant increase in DNA methylation in the gene promoter region (82). Prenatal GCs exposure inhibited BMP4 expression in offspring myocardial cells, thereby inhibiting the binding activity of the transcription factor HIF-1α induced by myocardial ischemia, weakening the protective effect of BMP4 on myocardial cells, ultimately resulting in more pronounced cardiac dysfunction after I/R (83). These results suggest that excessive prenatal GC exposure increases the susceptibility of offspring hearts to “secondary hits” such as I/R, due to impaired the protective effect of BMP4 on myocardial cells caused by high methylation of the BMP4 promoter region. The application of DNA methylation inhibitors may be a potential therapeutic approach for the cardiac dysfunction in offspring exposed to prenatal GCs (82, 83).

In conclusion, prenatal GCs exposure not only has adverse effects on the myocardium and cardiac function of newborns and offspring, but also leads to pathological changes in myocardial tissue in newborns and offspring (Figure 4, Table 2). For example, offspring exposed to prenatal GCs show a significant decrease in ventricular weight, myocardial cell hypertrophy, and increased collagen deposition (84). Although there is a considerable amount of research in this area currently, it mainly focuses on the description of pathological phenomena. Further research is urgently needed to uncover and elucidate the underlying molecular mechanisms.
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Figure 4 | Prenatal glucocorticoids exposure and adverse cardiovascular effects in offspring. Maternal exposure to adverse factors or the use of synthetic GCs during pregnancy can adversely affect the cardiovascular system of the offspring, mainly in the form of abnormal cardiac function in the offspring, pathologic changes in the adult heart, and the development of hypertension in the offspring. Pathologic changes in the adult heart were mainly characterized by a significant decrease in ventricular weight, cardiomyocyte hypertrophy, and increased collagen deposition, whereas the development of hypertension in the offspring was mainly associated with a decrease in renal units, abnormal HPA function, and vascular dysfunction.

Table 2 | Effects of prenatal GC exposure on the offspring’s heart and possible genes involved.
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6 Effects of prenatal GCs exposure on the offspring vascular system

Currently, a large number of clinical investigations and animal experiments have studied the adverse effects of prenatal GCs exposure on the vascular system of fetal and offspring. In this chapter, we will focus on summarizing the latest research progress on the changes in blood pressure and mechanisms of prenatal GC exposure in fetuses and offspring (Figure 4).



6.1 Clinical cohort follow-up evidences

In clinical practice, GCs are often used prenatally to prevent complications in preterm infants. A large number of clinical follow-up studies have investigated the long-term effects of prenatal GCs therapy on the vascular system of infants, children, and adults (85–87). Mildenhall et al. found that in infants exposed to more than one course of prenatal corticosteroids, 67% had blood pressure above the normal range, while in infants exposed to a single course of corticosteroids, 24% had blood pressure above the normal range (85). Huh et al. tracked nearly 300 premature infants and found a positive correlation between GCs levels in umbilical cord blood at birth and systolic blood pressure at age 3 (86). However, McKinlay et al. found in a follow-up study of 320 premature children that repeated doses of betamethasone exposure prenatally did not increase blood pressure in school-age children compared to a single course of betamethasone exposure (87). Doyle et al. conducted a cohort study of 210 preterm infants and evaluated the relationship between prenatal corticosteroid therapy in preterm infants and blood pressure at age 14. Children exposed to prenatal corticosteroids had higher systolic and diastolic blood pressure compared to children not exposed to corticosteroids (88). This suggests that prenatal corticosteroid therapy is associated with increased systolic and diastolic blood pressure in adolescence and may lead to clinical hypertension after birth. Dessens et al. conducted a randomized controlled trial on subjects receiving GCs and placebo treatment, recording blood pressure in 81 subjects aged 20 (89). They found that subjects who received one course of prenatal corticosteroid therapy had lower average systolic blood pressure (89). Dalziel et al. conducted a 30-year follow-up study and found that offspring exposed to betamethasone prenatally did not have significant differences in blood pressure and cardiovascular disease history compared to the placebo group (90).

In conclusion, current clinical follow-up experimental results indicate that premature infants who have undergone prenatal GCs therapy have significantly higher blood pressure during infancy, childhood, and adolescence compared to the normal age-matched blood pressure range. However, current clinical follow-up cohorts have not found a correlation between prenatal GCs therapy and adult blood pressure. Nevertheless, due to the long follow-up time, small number of participants, heterogeneity, and varying follow-up quality, further research with larger sample sizes and higher quality follow-up cohorts is needed to investigate the relationship between prenatal GCs therapy and adult blood pressure.




6.2 Animal model experimental evidences

The time required for animal studies is much shorter and easier to explore the mechanisms behind diseases compared to clinical studies. Therefore, many animal models of prenatal GCs exposure have been developed, primarily in sheep and rodents. Recent experimental findings suggest that prenatal GCs exposure may result in elevated blood pressure in offspring (91, 92). In a sheep model of prenatal GCs exposure, dexamethasone (0.28 mg/day/kg) was administered from days 22 to 29 of gestation. The sheep offspring exhibited significantly elevated blood pressure from 4 to 19 months of age (93).Another study demonstrated that even a brief exposure to relatively higher levels of cortisol within the normal physiological range in the early stage of gestation (where plasma cortisol concentrations rose from 51 μmol/L to 390 μmol/L) led to increased basal mean arterial pressures in the offspring of sheep, independently of the sex of the offspring (94). Similarly, guinea pig models of prenatal GC exposure showed that prenatal dexamethasone exposure increased mean arterial pressure in mature male guinea pig offspring (16). In the Sprague-Dawley rat model, prenatal dexamethasone exposure also resulted in hypertension in offspring rats at 16 weeks of age (95). Apart from sheep and rodents, prenatal GCs exposure has been found to elevate blood pressure in non-human primates such as baboons (92, 96) and long-tailed black-jawed monkeys (81).

Overall, animal experiments have generally confirmed that prenatal GCs exposure leads to elevated blood pressure in offspring, with a potential sex difference in the susceptibility to GCs exposure: male offspring appear to be more vulnerable compared to females (97). For example, Alhamoud et al. found that adult male offspring of rats treated with prenatal dexamethasone had significantly higher blood pressure compared to the control group, while this effect was not observed in female offspring. Furthermore, protein or albumin excretion was also higher in the male offspring of the prenatal dexamethasone-treated group. These results suggest a sex difference in the impact of prenatal dexamethasone exposure on offspring blood pressure, with male offspring being more susceptible (97). Similarly, Khurana et al. conducted a study using a rat model and confirmed the presence of a sex difference in the effects of prenatal GCs exposure on offspring blood pressure. Male offspring exposed to prenatal GCs showed a more significant increase in blood pressure compared to female offspring (98).

Interestingly, the timing of prenatal GCs exposure also played a role in the development of hypertension in offspring. Exposure to dexamethasone during days 26 to 28 of gestation led to elevated basal mean arterial pressure in sheep offspring (93, 99), while exposure late in gestation did not have a significant effect (100). In addition, the effect of prenatal GCs exposure on offspring blood pressure appears to be related to the dose of GCs exposure. Prenatal exposure to a low dose of dexamethasone (10 μg/kg/d) did not significantly impact blood pressure in female mice offspring (98). These findings suggest that there is a threshold for the effects of GCs on offspring blood pressure, and using low doses may have a lesser impact on the offspring. Therefore, when using synthetic GCs for prenatal treatment, it is important to consider both the amount and duration of their use.




6.3 Mechanism of elevated blood pressure in prenatal GCs-exposed offspring

It is known that the occurrence of hypertension is closely related to impaired kidney development, impaired vascular structure and function, as well as abnormalities in the HPA axis. In this chapter, we will focus on summarizing the molecular mechanisms by which prenatal GCs exposure leads to elevated blood pressure in offspring (Table 3).

Table 3 | Possible mechanisms and associated genes for elevated blood pressure in offspring due to prenatal GC exposure.
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6.3.1 Decreases in renal units

There is mounting evidence that a reduced number of renal units at birth significantly contributes to adult susceptibility to hypertension (101, 102). Ortiz et al. observed that the peak postpartum blood pressure in rat offspring, due to prenatal GCs exposure, corresponded with the period of maximum reduction in renal units (103). A study on prenatal dexamethasone-exposed sheep offspring revealed that prenatal exposure to dexamethasone led to a deficiency of renal units in the offspring, accompanied by an increased expression of fetal renal sodium channels, which persisted in the offspring (104). Furthermore, Wintour et al. discovered that the reduction in renal units in prenatal GCs-exposed offspring was linked with grossly enlarged and dilated proximal tubules, as well as an increased accumulation of collagen type I and III in the tubular interstitium and periadventitia of the renal cortical vessels (105). These studies collectively suggest that prenatal GCs exposure can disrupt fetal kidney development, leading to a decrease in the number of nephrons in offspring after birth. This, in turn, results in elevated blood pressure in the offspring. In addition, the inhibition of the Renin-Angiotensin System (RAS) during kidney development is thought to be the primary cause of the decrease in nephron number (100, 106). Moritz et al. reported that exposure to high concentrations of dexamethasone in fetal lambs can lead to significant changes in the fetal kidney RAS (100). Singh et al. reported that prenatal exposure to corticosterone in rat embryos can amplify the expression of angiotensin receptors, potentially limiting the growth and proliferation of kidney cells in offspring, thereby leading to a reduction in nephron units (106). Shalout et al. found that candesartan could normalize blood pressure in offspring exposed to prenatal betamethasone by inhibiting the expression and function of angiotensin receptors (107). Taken together, the coarsening and dilatation of the proximal renal tubules, the increased accumulation of type I and type III collagen in the tubulointerstitial and perivascular endothelium of the renal cortex, and the suppression of the RAS are all potential mechanisms through which exposure to prenatal GCs results in reduced renal units in the offspring and accordingly leads to hypertension in the offspring.




6.3.2 Dysfunctions in the HPA axis

The HPA axis plays a crucial role in regulating the circulating levels of GCs and is the primary neuroendocrine system in mammals that provides a rapid response and defense against stress. Dysfunction of the HPA axis is considered an important factor in the development of hypertension. Clinical and animal studies in recent years have shown that prenatal GCs exposure not only leads to dysfunction of the fetal HPA axis, but also has long-term adverse effects on the HPA axis function of offspring after birth (108–111). For example, Matthews et al. found that prenatal GCs exposure can permanently alter the HPA function and other endocrine system regulations in offspring before puberty, during puberty, and in aging in a gender-dependent manner (112). HPA axis dysfunction is typically manifested as abnormal secretion of epinephrine. Excessive secretion of epinephrine is closely related to the occurrence of hypertension. Several studies have shown that offspring exposed to prenatal GCs have abnormal secretion of epinephrine and related gene expression, which may be important reasons for the development of hypertension in offspring exposed to prenatal GCs (98, 113, 114).

Phenylethanolamine N-methyltransferase (PNMT) is an enzyme involved in the biosynthesis of epinephrine. Nguyen et al. reported that male rat offspring exposed to prenatal dexamethasone had elevated blood pressure, and increased plasma epinephrine levels and PNMT expression (98, 114). Lamothe et al. found that DNA methyltransferases (DNMTs) and histone deacetylases (HDACs) are involved in regulating PNMT expression. To further elucidate the direct relationship between PNMT expression, and the development of hypertension in prenatal GCs-exposed offspring, they evaluated the effects of the HDAC and DNMT inhibitors on blood pressure and PNMT expression. They found that both inhibitors successfully reduced PNMT expression and epinephrine levels, and restored blood pressure to normal levels in prenatal GCs-exposed offspring (115). These results further suggest that increased PNMT gene expression and dysfunction of the HPA axis are important reasons for the development of hypertension in prenatal GCs-exposed offspring. In addition, Tharmalingam et al. performed a whole transcriptome analysis of adrenal gland of prenatal GCs-exposed offspring. They found that prenatal GCs-exposed adrenal glands have impaired circadian signaling, and suggested that changes in adrenal circadian rhythms may be a potential molecular mechanism contributing to the development of hypertension (116).




6.3.3 Dysfunctions in vascular system

Blood pressure is influenced by multiple factors, and besides being related to kidney and the HPA axis, the regulation of blood pressure cannot be separated from vascular functions. Hypertension is closely related to dysfunction in vascular constriction and dilation (117, 118). It can be inferred that the increase in blood pressure in offspring caused by prenatal GCs exposure may be related to vascular dysfunction. Endothelial cells are single-layer flat cells covering the inner surface of blood vessels, capable of secreting various factors involved in the regulation of vascular function and blood pressure. Endothelin-1 (ET1) is the most effective vasoconstrictor secreted by endothelial cells. Lee et al. found that ET1 caused stronger vasoconstriction in sheep arteries exposed to prenatal dexamethasone (119). Nitric oxide (NO) is the most significant vasodilator secreted by endothelial cells, and its abnormal synthesis is related to the progression of hypertension (120, 121). Evidence suggests that one of the mechanisms by which GCs lead to vascular dysfunction is that excessive GCs can promote oxidative stress in vascular tissue, which can disrupt the availability of endothelial NO by reducing the synthesis of NO and promoting its degradation, leading to vascular dysfunction in patients with GCs excess (122). Molnar et al. evaluated the vascular endothelial function of prenatal GCs-exposed offspring and found that NO synthesis capacity was significantly reduced, and NO-dependent vascular dilation function was decreased (123). Although the mechanism is not yet clear, given the importance of NO and other endothelial secretory factors in blood pressure regulation, this provides important information for understanding the mechanisms by which prenatal GCs exposure leads to hypertension in offspring.

Vascular smooth muscle cells are the main cell type in blood vessels, and their sensitivity to classical vasoconstrictors determines the vascular resistance and regulates blood pressure. As the main effector of the RAS, Angiotensin II (Ang II) is a classic vasoconstrictor, which mainly causes vasoconstriction and blood pressure elevation through its receptor AT1R. Candesartan is an AT1R blocker which prevents Ang II from binding to them, thereby reducing blood vessel constriction and lowering blood pressure (124). Roghair et al. found that prenatal GCs exposure upregulates the expression of coronary artery AT1R receptors, enhancing the sensitivity of coronary arteries to Ang II-induced constriction (125).

BK (high-conductance Ca2+-activated K+ channels) and Cav1.2 (L-type Ca2+) channels are the main K+ and Ca2+ ion channels, and play an important role in vascular constriction and dilation function. Xu et al. found that prenatal GCs exposure reduces the expression of BK subunits α and β1, causing dysfunction in BK channel-mediated vascular dilation in fetal and adult offspring (15). In addition, Xu et al. also found that prenatal GCs exposure increases Cav1.2 expression, further increasing the sensitivity of blood vessels to classical vasoconstrictors such as prostaglandins and serotonin in fetal and adult offspring (126). Molecular mechanism studies have revealed that the abnormal expression of BK and Cav1.2 in offspring vascular system caused by prenatal GCs exposure is related to DNA methylation and histone modification (15, 126, 127). The above studies suggest that prenatal GCs exposure reprograms the expressions of key vascular regulatory factors in the fetal vascular system through epigenetic modifications, which accompany the offspring throughout their lives and affect the vascular functions, leading to an increase in blood pressure in offspring.






7 Conclusions

GCs, products of the HPA axis, play a crucial role in promoting fetal growth, development, and organ maturation when present in appropriate amounts. In almost all placental mammals, placental GCs barrier is enforced by 11βHSD2, which primarily functions to shield the fetus from an excess of maternal GCs. However, when maternal circulating GCs levels are excessive or placental GCs barrier is compromised, the fetus may be exposed to an excess of GCs. Prenatal GCs exposure can occur through two primary pathways: endogenous and exogenous. The endogenous pathway is primarily a result of GCs overproduction and impairment of the placental GCs barrier. The exogenous pathway typically involves the administration of synthetic GCs, often used to manage maternal immune disorders and prevent complications in preterm infants. There is substantial evidence suggesting that prenatal exposure to adverse factors such as stress, hypoxia, caffeine, and nicotine can impair the placental GCs barrier via reducing 11βHSD2 expression, leading to intrauterine fetal GCs exposure. Consequently, prenatal GCs exposure is characterized by its diversity, concealment, ubiquity, and at times, unavoidable clinical application.

Currently, a large number of clinical studies and animal experiments have confirmed that prenatal GCs-exposed offspring is often manifested as abnormal myocardial function and elevated blood pressure (15, 90, 126). Most of the current research on the cardiac development and function is descriptive of pathological phenomena, and further research is urgently needed to reveal and elucidate its potential mechanisms. Compared to the heart, research on the blood pressure is more comprehensive. Based on the results of clinical and animal studies, it is known that prenatal GCs exposure affects the blood pressure of newborn offspring to a certain extent (128, 129). However, due to the relative lack of clinical research data, the impact of prenatal GCs exposure on the blood pressure of human adult offspring is not yet clear. In sheep and rodent animal models, current results confirm that prenatal GCs exposure leads to elevated blood pressure in adult offspring, with a certain gender difference, as male offspring are more susceptible to the effects of GCs exposure. Additionally, the timing and dosage of prenatal GCs exposure also affect the blood pressure response of adult offspring. Further research indicates that the effects of prenatal GCs exposure on offspring blood pressure are related to various mechanisms such as reduced renal unit, HPA axis and vascular dysfunction.

Through reviewing and summarizing the related research, it can be confirmed that prenatal GCs exposure is closely related to the occurrence of cardiovascular diseases in offspring. The current findings mainly come from animal experiments. Because there are certain differences between animals and humans in terms of physiology and pathology, the experimental results cannot be completely equivalent to the human situation. Therefore, there is an urgent need to further prove it through a larger sample size and higher-quality clinical cohort follow-up investigations. Increasing evidence suggests that environmental stress can cause a series of trait changes in the parental generation (F0), some of which can be passed on to the offspring (F1) and even to subsequent generations (F2 or more). GCs are important stress hormones secreted by the body in response to external stress stimuli. Whether the pathological traits of the cardiovascular system in F1 offspring caused by prenatal GCs exposure can be transmitted across generations and the related mechanisms are still blank and worth exploring and revealing. Furthermore, the specific adverse effects and mechanisms in the fetal and offspring cardiovascular system caused by prenatal GCs exposure still need further exploration and clarification. Obtaining more information from mechanistic studies will not only understand the early developmental origins of cardiovascular diseases, providing new theoretical knowledge for the early prevention and treatment of such diseases, but also provide new insights for clinical intervention to mitigate the negative effects of prenatal GCs application. At the same time, it will also help establish new prenatal GCs treatment regimens, including optimal formulations, administration timing, and efficacy at different stages of pregnancy.
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Background

The association between Estradiol (E2) levels and abdominal aortic calcification (AAC) in postmenopausal women remains unclear.





Methods

614 postmenopausal women from the 2013-2014 NHANES survey cycle were included in this study. The study population was divided into 3 groups according to E2 tertiles: Tertile1 (2.12-3.57pg/mL), Tertile2 (3.60-7.04pg/mL), and Tertile3 (7.06-38.4pg/mL). Estrogen concentration data were natural logarithmically transformed. A Kauppila score > 5 was regarded as prominent arterial calcification and was used to define (EAAC). Logistic regression models were used to assess the association between E2 levels and EAAC prevalence. Subgroup analyses were performed to test whether the association between E2 levels and EAAC prevalence was consistent in different groups. Sensitivity analyses tested the stability of the model in women older than 45 years.





Results

EAAC prevalence was significantly higher in Tertile1 (16.6%) than in Tertile2 (9.8%) and Tertile3 (8.3%). On a continuous scale, the adjusted model showed a 58% [OR (95%CI), 1.58 (1.02, 2.54)] increase in the risk of EAAC prevalence for per unit decrease in ln(E2). On a categorical scale, the adjusted model showed that Tertile1 and Tertile2 were 2.55 [OR (95%CI), 2.55 (1.10, 5.92)] and 1.31[OR (95%CI), 1.31(1.03, 2.57)] times higher risk of suffering from EAAC than Tertile3, respectively.





Conclusion

This study found that a higher prevalence of AAC in postmenopausal women is closely associated with lower serum E2 levels. Our research further underscores the importance of E2 in maintaining cardiovascular health in postmenopausal women and suggests that monitoring E2 levels may aid in the early prevention and management of AAC and related cardiovascular diseases.
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Introduction

Postmenopausal women often experience a range of menopausal symptoms, primarily including hot flashes, night sweats, sleep disturbances, and genitourinary discomfort (1). Other common symptoms and conditions include bone loss, obesity, low libido, mood swings, and cognitive changes (2). These effects are largely attributed to the decline in estrogen levels (3). Estradiol (E2) is a female hormone and the most biologically active form of estrogen. It is primarily secreted by the ovaries, but also by the adrenal glands, fat tissue, and liver, and it circulates in the bloodstream (4). Numerous studies have highlighted the benefits of E2 for the human body, including the prevention of bone loss, protection against ischemia-reperfusion injury, relief of menopausal symptoms, prevention of neuronal degeneration, maintenance of vaginal health, and assistance in treating ovarian failure or hypogonadism. Over the years, a significant amount of anecdotal evidence has accumulated, supporting the view that postmenopausal E2 may reduce the risk of cardiovascular disease (5).

Abdominal aortic calcification (AAC) is the process in which calcium and phosphate-based minerals deposit in the walls of the abdominal aorta. Driven by various risk factors such as aging, prolonged dialysis, osteoporosis, diabetes, and hypertension, the aortic walls undergo irreversible calcification and become brittle (6). This condition is a significant warning sign for cardiovascular disease. AAC is an important predictor of cardiovascular disease risk, including conditions such as carotid atherosclerosis, myocardial infarction, congestive heart failure, stroke, and intermittent claudication (7–10). It is also a significant indicator of both all-cause mortality and cardiovascular mortality (11). AAC can be easily assessed and semi-quantified using lateral X-rays of the lumbar spine and lateral scans from DXA (Dual-energy X-ray Absorptiometry) (12). Consequently, in recent years, AAC’s role in predicting cardiovascular risk has garnered increasing attention.

The specific mechanisms linking the decline in estradiol levels to increased cardiovascular risk, particularly in relation to AAC, remain unclear. Previous studies have indicated that the incidence and severity of AAC are significantly higher in postmenopausal women (13–16). This study aims to explore the relationship between E2 levels and AAC in postmenopausal women, which could provide valuable insights for the prevention and management of cardiovascular disease in this population.





Methods




Study population

The subjects for this study were selected from the National Health and Nutrition Examination Survey (NHANES). NHNES is a major program of the National Center for Health Statistics that uses stratified and probability sampling principles to select a representative portion of the U.S. non-institutionalized population for the purpose of assessing their health and nutritional status. The NHANES survey protocol was approved by the National Institutes of Health Research Ethics Review Board prior to implementation of the survey, and all participants signed and provided informed consent. The absence of regular menstruation for the past 12 months was considered a postmenopausal state. Exclusion criteria for study population: i) Male; ii) Age < 45; iii) Regular menstruation for the past 12 months; iii) Irregular menstruation due to hysterectomy or other reasons; and iii) Missing data on menstruation, AAC and E2. The study population was divided into 3 groups according to E2 tertiles: Tertile1(2.12-3.57pg/mL), Tertile2 (3.60-7.04pg/mL), and Tertile3 (7.06-38.4pg/mL).





Natural logarithmic conversion of E2

In this study, we explored the relationship between estrogen levels and vascular calcification. The estrogen level data exhibited a significant skewed distribution on the original scale. To meet the normality assumption required for statistical analysis and to mitigate the effects of skewness, we applied a natural logarithmic transformation to the estrogen concentration data.

Specifically, the estrogen concentration (measured in pg/mL) was log-transformed using the following formula:

[image: Equation showing the natural logarithm of E2 is equal to the natural logarithm of E2 measured in picograms per milliliter.]	

where E2 represents the serum estrogen concentration, and ln denotes the natural logarithm. The log-transformed variable ln(E2) was subsequently used in the statistical analysis.





Definition and measurement of exposure, study outcome and covariates

The outcome of this study was the prevalence of extensive AAC (EAAC). The degree and extent of AAC was assessed using the AAC-24 semiquantitative technique (Kauppila 1997) (17). A Kauppila score > 5 was regarded as prominent arterial calcification and was used to define EAAC (18–21). Age, Sex, and Ethnicity were obtained from the demographics of the National Center for Health Statistics.

Smoking, Drinking, Hypertension, and Diabetes Mellitus (DM) were obtained through questionnaires. The definitions of smoking and drinking referred to the latest standards on the New Zealand Ministry of Health website (22). Hypertension was defined as self-reported by asking the question, “Have you been told by a doctor that you have hypertension?”. Osteoporosis was defined by self-reported question “Ever told had osteoporosis?”. Osteoporosis prescription drugs were defined by self-reported question “If diagnosed with osteoporosis, whether the participant has been treated by prescription medicine (Fosamax, Boniva, Actonel, Reclast, Miacalcin, Fortical, Evista or Forteo)”. DM diagnosis referred to the most recent ADA criteria (FPG≥7.0 mmol/L or A1C ≥ 6.5% or 2-h OGTT ≥11.1mmol/L or a random plasma glucose≥11.1 mmol/L) (23). Body mass index (BMI) was obtained by physical examination, where BMI was evaluated by body mass (kilograms) and body height (m2). Red blood cell (RBC), White blood cell (WBC), Platelets, Albumin, Creatinine (Cr), Triglycerides (TG), Low-density lipoprotein cholesterol (LDL-C), High-density lipoprotein cholesterol (HDL-C) were obtained by laboratory measurements. Blood cell counts and were analyzed with a Beckman Coulter MAXM or DXH 800. Albumin and Cr were measured using the DcX800 method. TG and HDL-C were analyzed by the Roche/Hitachi Modular P Chemistry Analyzer (Mod P) in Mobile Examination Centers (MECs). LDL-C was calculated from measured values of TG, HDL-C, and total cholesterol according to the Friedewald calculation (24). Measurements of E2 in serum are performed using isotope dilution liquid chromatography tandem mass spectrometry (ID-LC-MS/MS) method for routine analysis developed by CDC. Details on the methods are publicly available on the official NHANES website (25).





Statistical analyses

The Shapiro-Wilk test was used to examine the normality of the data. The Cochran-Armitage test was used to test for between-group trends. Logistic regression model was used to assess the association between E2 levels and EAAC prevalence. The multivariate model was adjusted for Age, Sex, Ethnicity, BMI, Drinking, Smoking, DM, Hypertension, RBC, WBC, Platelets, Albumin, Cr, TG, LDL-C, and HDL-C. Subgroup analyses were performed to test whether the association between E2 levels and EAAC prevalence was consistent in different groups. Continuous variables in subgroups were grouped by median. Sensitivity analyses tested the stability of the model in women older than 45 years. To handle missing data in our analysis, we employed the multiple imputation (MI) method. Specifically, we used the Stata 17 (Stata Corp, TX, US) to perform the imputations. This approach involves creating multiple datasets (25 times in our case) where the missing values are replaced by plausible data points estimated based on observed data patterns. The imputation model included all relevant covariates to account for potential correlations with the missing data. After creating the imputed datasets, we combined the results from each dataset using Rubin’s rules to obtain the final estimates and confidence intervals. All tests were two-sided. Statistical significance was considered when a P < 0.05.






Results




Baseline characteristics

A total of 10,175 participants were included in the potential analyses during the 2013-2014 NHANES survey cycle, and 614 postmenopausal women were ultimately enrolled in this study after exclusion of participants who were male, older than 45 years, had regular menstruation or irregular menstruation not due to menopause, and had missing AAC and E2 data (Figure 1). ln(E2) levels showed a normal distribution, and EAAC prevalence was significantly higher in Tertile1 (16.6%) than in Tertile2 (9.8%) and Tertile3 (8.3%) (Figure 2). In addition, participants in the lower tertile were older, more likely to have diabetes mellitus, had higher TG levels and lower HDL-C levels (Table 1).

[image: Flowchart detailing participant selection from the NHANES 2013-2014 study. It starts with 10,175 individuals, with 5,003 males and 5,172 females. From this, 3,470 are under age 45, leaving 1,702 participants aged 45 or older. Of these, 1,308 reported irregular menstruation in the past 12 months. Postmenopausal participants number 801 after excluding those with hysterectomy (466) or other causes (41). Data missing for AAC (119) and E2 (68) further reduced participants to 614 eventually included.]
Figure 1 | Flowchart for inclusion of participants. E2, Estradiol; AAC, abdominal aortic calcification.

[image: Panel A shows a histogram of logarithmic estradiol concentrations in picograms per milliliter, with frequency on the y-axis. Panel B presents a bar graph of EAAC prevalence percentages across tertiles, with Tertile1 having the highest prevalence at 16.6 percent, followed by Tertile2 at 9.8 percent, and Tertile3 at 8.3 percent.]
Figure 2 | ln(E2) distribution and EAAC prevalence. E2, estradiol; AAC, abdominal aortic calcification.

Table 1 | Baseline characteristics stratified by E2 tertiles.


[image: A table presents data split into three tertiles for various factors, including Estradiol (E2), age, ethnicity, drinking and smoking status, diabetes mellitus (DM), hypertension, and osteoporosis. It includes mean values and standard deviations for continuous variables like body mass index (BMI), red blood cell count (RBC), white blood cell count (WBC), platelets, albumin, creatinine (Cr), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C). It also includes percentages for categorical variables. A p-value for trend is provided for each factor.]




Association between E2 and EAAC

On a continuous scale, the crude model showed a 54% [OR (95%CI), 1.54(1.09, 2.18)] increase in the risk of EAAC prevalence for per unit decrease in ln(E2), which was a 58% [OR (95%CI), 1.58(1.02, 2.54)] increase after adjusting for all possible confounders (Table 2).

Table 2 | Association between E2 levels and EAAC prevalence in postmenopausal woman.


[image: Table showing EAAC prevalence with crude and adjusted odds ratios (OR) for ln(E2) per unit and tertile decreases. ORs are given with 95% confidence intervals. Significant trends (Pfor trend) are noted as less than 0.001. Crude models are unadjusted, while adjusted models account for factors like age, sex, BMI, and various health conditions.]
On a categorical scale, the crude model showed that Tertile1 and Tertile2 were 2.19[OR (95%CI), 2.19(1.18, 4.06)] and 1.19[OR (95%CI), 1.19(1.07, 2.34)] times higher risk of suffering from EAAC than Tertile3, respectively, and the adjusted model showed 2.55[OR (95%CI), 2.55(1.10, 5.92)] and 1.31[OR (95%CI), 1.31(1.03, 2.57)] times higher risk, respectively (Table 2).





Subgroup and sensitivity analysis

Subgroup analysis largely confirmed the associations between E2 levels and EAAC prevalence in postmenopausal women revealed in the current study across a broad spectrum of risk factors (Figure 3). Sensitivity analyses showed that the models in this study still yielded similar results when analyzed in women older than 45 years (Table 3).

[image: Forest plot showing odds ratios (OR) with 95% confidence intervals (CI) for various subgroups. Subgroups include age, diabetes mellitus (DM), hypertension, smoking, drinking, BMI, albumin, creatinine, triglyceride, LDL-C, and HDL-C. The plot compares different categories within each subgroup, indicating statistical significance if intervals do not cross 1. For example, age under 63 years has an OR of 1.96 (1.02, 2.24) suggesting significance, as does DM presence with an OR of 2.65 (1.31, 5.34). Statistical interaction p-values are provided for each subgroup.]
Figure 3 | Association between E2 levels and EAAC prevalence in menopausal females in different subgroups [OR (95%CI), per unit ln(E2) decrease]. Continuous variables were grouped by median. All models were adjusted as in Table 2. OR, odds ratio; CI, confidence interval; P-int, P-interaction.

Table 3 | Association between E2 levels and EAAC prevalence in women older than 45 years.


[image: Table showing EAAC prevalence related to ln(E2). For per unit decrease: Crude OR is 1.82 (1.49, 2.22) and Adjusted OR is 1.85 (1.43, 2.32), both with P for trend <0.001. For per tertile decrease: Tertile 1 Crude OR is 2.19 (1.18, 4.06) and Adjusted OR is 2.55 (1.10, 5.92). Tertile 2 Crude OR is 1.19 (1.06, 2.34) and Adjusted OR is 1.36 (1.03, 2.57). Tertile 3 is the reference. Crude model has no adjustments; the adjusted model accounts for various factors such as age, sex, and BMI.]





Discussion

This study found that after adjusting for possible confounders, for per unit decrease in ln(E2), the risk of EAAC prevalence increased by 58%, and the risk of EAAC prevalence in tertile1 and tertile2 of the E2 level was 2.55 and 1.31 times higher than that in tertile3, respectively. To summarize, lower E2 levels were associated with a higher prevalence of EAAC.

Several previous studies have supported the findings of this study. J Nakao et al. found that serum E2 levels were lower in postmenopausal women with iliac artery calcification (8.4 ± 1.4 pg/mL) than in the control group (16.1 ± 1.6 pg/mL) (26), while the present study found that E2 levels were also significantly lower in the EAAC group (5.5 ± 4.6pg/mL) than in the non-EAAC group (8.6 ± 15pg/mL). Gyun-Ho Jeon et al. found higher coronary artery calcium accumulation (CACS) in postmenopausal women with lower serum E2 levels, independent of age and other coronary risk factors. Their results showed that after adjusting for possible confounders, the risk of CACS (>100) in subjects with E2 levels less than 20 pg/mL was 4-fold higher than in subjects with E2 levels greater than 20 pg/mL (27), while our multivariate analysis showed that subjects with an E2 range of 2.12-3.57 pg/mL had a 2.19-fold higher risk of EAAC than subjects with an E2 range of 7.06-38.4 pg/mL. The risk multiplier was higher than in the present study probably because the effects of diabetes mellitus and chronic kidney disease on arterial calcification were not taken into account. Samar R El Khoudary et al. found that E2 levels were negatively correlated with the extent of CAC in obese participants, but showed a significant positive correlation with the extent of CAC in non-obese participants (28). The conclusions of the above study are controversial because the included population was not postmenopausal and the potential E2 fluctuating effect from the menstrual cycle was not eliminated, but the interaction between E2 and obesity found in the study was consistent with that of the present study in the subgroup analyses. Although the study endpoints of the aforementioned studies were coronary artery calcification and iliac artery calcification rather than abdominal aortic calcification, arterial calcification has a common pathogenesis and is often systemic and segmental in nature. Thus, both our and previous studies have demonstrated a connection between E2 levels and arterial calcification, but the differences in the associations between E2 levels and different sites of calcification still need to be further demonstrated.

Two other studies showed findings that contradicted the present study and those mentioned above.

Erin D. Michos et al. found that there was no association between E2 levels and the presence or absence of AAC in postmenopausal women with subclinical atherosclerosis. The conflicting findings may be related to the selection of the study population and the definition of the study endpoints being different from the present study. Erin D. Michos et al. studied patients with subclinical atherosclerosis, who often have co-morbid chronic diseases such as diabetes mellitus, chronic kidney disease, hypertension, and vascular and valvular lesions, which are causally related to arterial calcification, potentially masking the true effect of E2 levels on AAC. In addition, the study’s definition of the presence (AAC>0) or absence (AAC=0) of AAC as a study endpoint may have attenuated the association between E2 levels and AAC. Because arterial calcification is a natural manifestation of aging, an AAC score <5 is considered to be the absence of significant calcification (19–21). The study may have included a large sample of subjects with AAC<5 who were considered to have undergone significant calcification. Pamela Ouyang et al. did a similar study in patients with subclinical atherosclerosis as did Erin D. Michos et al. The difference is that they did the association between E2 levels and carotid intima-media thickness (CIMT) and coronary artery calcification (CAC), so the same limitations as in the study by Erin D. Michos et al. exist.

Basic studies have shown that the cardiovascular protective effects of estrogen are attributable to estrogen-induced lipid changes on the one hand and to direct estrogen effects on the vasculature on the other hand (29–31). The mechanisms mediating the effects of estrogen on the vascular wall are not fully understood, but it has been reported that estrogen induces vasodilation by increasing the bioavailability of nitric oxide to endothelial cells (32). In addition, estrogen also prevents atherosclerosis by long-term inhibition of the vascular injury response through estrogen receptor-mediated changes in gene expression (32).

Another important aspect is that E2 plays a critical role in regulating bone metabolism and significantly impacts vascular calcification by influencing both osteogenesis and osteoclastogenesis processes. Traditionally, osteoporosis has been recognized as a condition primarily affecting postmenopausal women, largely due to the deficiency of E2 (33, 34). E2 regulates bone remodeling by modulating the production of cytokines and growth factors in the bone marrow and osteoblasts, a process mediated by the basic multicellular unit (BMU) (35). When E2 levels are deficient, BMU activity increases, leading to higher rates of osteoblast apoptosis and reduced osteoclast apoptosis. This imbalance shortens the bone formation period, preventing new bone from adequately filling the spaces left by resorbed old bone, resulting in significant bone loss and thus promoting the onset and progression of osteoporosis (36–38). A substantial body of evidence indicates that vascular calcification is a central event linking bone loss to cardiovascular risk (39). In particular, prospective epidemiological studies have shown a significant association between aortic calcification and lower bone density (40–42). Indeed, vascular calcification and osteoporosis share common risk factors and pathophysiological mechanisms, including the relationship between bone-derived proteins (e.g., osteoprotegerin and osteopontin) and vascular pathology, as well as the involvement of intercellular protein systems like the RANK/RANKL/OPG axis and Wnt signaling pathways (43). However, the interactions between bone loss and vascular calcification are complex, and their precise mechanisms and clinical significance remain unclear.

Estrone(E1), the predominant estrogen form in postmenopausal women, is known to be less potent than estradiol but still plays a critical role in maintaining bone density (44). The decline in E1 levels post-menopause is strongly associated with the onset and progression of osteoporosis (45). As estrone is integral to bone metabolism, its deficiency could contribute to both osteoporosis and the calcification of the abdominal aorta. This suggests that in postmenopausal women, low E1 levels might not only predispose them to osteoporosis but also exacerbate the risk of developing AAC (34, 46). On the other hand, studies suggest that E1 may be more likely than E2 to induce platelet aggregation, possibly due to its different regulatory effects on platelet surface receptors or cellular signaling pathways (47, 48). This characteristic makes E1 particularly significant in research related to cardiovascular diseases, especially when investigating the risk of thrombosis in postmenopausal women. Therefore, while our study primarily focused on the association between E2 levels and AAC, the role of E1 and its relationship with both osteoporosis and vascular calcification should not be overlooked. Future research should consider E1 levels as a variable of interest when exploring the links between bone health and cardiovascular outcomes in postmenopausal women. Such studies could provide deeper insights into the comprehensive role of estrogenic hormones in vascular health and further clarify the potential benefits of hormone replacement therapy that includes both E2 and E1 in preventing AAC and related cardiovascular diseases.

Several clinical trials have demonstrated a significant benefit of hormone replacement therapy for vascular calcification. Postmenopausal female participants treated with E2 got regressive CIMT (49). CIMT tended to progress in non-estrogen-treated users, whereas CIMT tended to regress in estrogen-treated users (50). Manson et al. recently showed in a randomized clinical trial that estrogen therapy reduced CACS as measured by cardiac CT (51). Lipid levels are considered important factors influencing vascular calcification (52). In subjects receiving estrogen/progestin therapy, HDL-C levels were elevated, while LDL-C levels were reduced (53, 54). However, another clinical trial showed that starting hormone replacement therapy many years after menopause (an average of 15 years) increases the risk of coronary heart disease (55).Thus, there is still controversy about whether estradiol has a beneficial effect on arterial calcification, and further confirmation from additional studies is needed.

The innovation of this study lies in its systematic exploration of the relationship between serum E2 levels and AAC, with a specific focus on postmenopausal women. While previous research has established a link between declining estrogen levels and increased cardiovascular risk, studies specifically addressing AAC as a subclinical marker have been relatively scarce. This study fills a critical gap in the literature and provides foundational data to further investigate the potential of estrogen replacement therapy in preventing AAC and associated cardiovascular diseases. However, this study has certain limitations. First, as a cross-sectional study, it can only demonstrate an association between E2 levels and AAC, without establishing a causal relationship. Second, the sample size is limited, which may affect the generalizability of the results. Third, not including osteoporosis as an inclusion criterion may limit our comprehensive understanding of the relationship between estrogen levels and AAC. Additionally, the study did not account for other factors that could influence AAC, such as lifestyle, dietary habits, other hormone levels, or long-term medication use, all of which could introduce potential confounding effects. Future research should consider longitudinal study designs with larger sample sizes to further validate these findings and explore the underlying mechanisms.





Conclusion

This study found that a higher prevalence of AAC in postmenopausal women is closely associated with lower serum E2 levels. This finding supports the potential link between declining estrogen levels and increased cardiovascular risk, particularly in relation to the development of AAC. Our research further underscores the importance of E2 in maintaining cardiovascular health in postmenopausal women and suggests that monitoring E2 levels may aid in the early prevention and management of AAC and related cardiovascular diseases.
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Obesity significantly contributes to the progression of cardiovascular diseases (CVDs) and elevates the risk of cardiovascular mortality. Atherosclerosis, the primary pathogenic process underlying CVDs, initiates with vascular endothelial dysfunction, serving as the cornerstone of vascular lesions. Adipokines, bioactive molecules secreted by adipose tissue that regulate metabolic and endocrine functions, play a pivotal role in modulating endothelial function during atherosclerosis. This review comprehensively examines the distinct roles of various adipokines in regulating endothelial function in atherosclerosis. We categorize these adipokines into two main groups: protective adipokines, including adiponectin, FGF21, CTRP9, PGRN, Omentin, and Vaspin, and detrimental adipokines such as leptin, Chemerin, Resistin, FABP4, among others. Targeting specific adipokines holds promise for novel clinical interventions in the management of atherosclerosis-related CVDs, thereby providing a theoretical foundation for cardiovascular disease treatment strategies.
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1 Introduction

Cardiovascular diseases (CVDs) continue to be the primary cause of death for people, and the total number of people suffering from these diseases is steadily increasing as the population expands and ages (1). Atherosclerosis initially begins with endothelial dysfunction, secretion of chemokines and growth factors as a result of endothelial cell dysfunction induces recruitment of monocytes to the subendothelial region, smooth muscle cell proliferation, and increased matrix protein synthesis. Subsequently, recruited monocytes differentiate to macrophages, accumulating lipids, and eventually progressing into foam cells. As atherosclerosis advances, it compromises arterial lumen diameter, diminishes blood flow within arteries, and culminates in occlusion of affected arteries (2).

Endothelial dysfunction stands out as a key feature in the transition from early atherosclerosis to eventual vascular occlusive infarction, marking it as a fundamental aspect of atherosclerosis (3). Atherogenic elements such as oxidized low-density lipoprotein (oxLDL),free fatty acids and homocysteine contribute to oxidative stress in endothelial cells (4). Increased reactive oxygen species (ROS) generated by oxidative stress will cause the oxidation of nucleic acids, lipids, and proteins, disrupting vascular homeostasis (5). Inflammation within the vasculature is crucial to both the onset and advancement of atherosclerosis. Damaged endothelium becomes activated, secreting inflammatory factors such as monocyte chemotactic protein-1 (MCP-1), intercellular adhesion molecule-1 (ICAM-1), vascular adhesion molecule-1 (VCAM-1), and others. These substances draw monocytes, which adhere to the endothelial cells that have been activated. The leukocytes then roll and move into the subendothelial region, piercing the artery wall and causing inflammation (6). Endothelial injury prompts apoptosis, and numerous atherogenic factors —such as elevated levels of LDL, oxLDL, and oxidative stress—can induce the programmed death of endothelial cells. In advanced stages, extracellular vesicles derived from endothelial cells during apoptosis drive the progression of atherosclerosis (7). Within endothelial cells, eNOS catalyzes nitric oxide (NO) production. However, eNOS uncoupling can be another major cause of endothelial dysfunction, which diminishes NO production and intensifies oxidative stress. eNOS uncoupling occurs when eNOS transitions from producing NO to generating superoxide anions (O2–) in the presence of molecular oxygen, a process commonly associated with cardiovascular conditions like atherosclerosis and diabetes (8). Moreover, in advanced stages of atherosclerosis, increased platelet-endothelial interactions can exacerbate endothelial dysfunction, leading to an overproduction of prothrombotic molecules, including thrombin and PAI-1, which cause plaques to become unstable and prone to rupture (9).

Obesity is a chronic metabolic disorder caused by an abnormal accumulation of adipose tissue, increasing the risk of developing cardiometabolic conditions. A persistent low-grade inflammatory state in adipose tissue caused by obesity is closely associated with the onset of cardiovascular disease (10). Adipocyte hypertrophy and hyperplasia, increased inflammation, irregular extracellular matrix remodeling, fibrosis, and modified adipokine production are some of the factors behind adipose tissue dysfunction (11).

Adipokines are peptides that convey information about the functional state of adipose tissue to various target such as Adiponectin, leptin, fibroblast growth factor 21, retinol-binding protein 4 and vaspin (12), they are crucial in maintaining energy and vascular homeostasis, exerting their effects on both nearby and distant tissues through autocrine and endocrine pathways. Adipokines have been shown in prior research to play a critical role in the development and reversal of atherosclerosis, and some are considered direct mediators connecting obesity to atherosclerosis, as they impact endothelial cell function within the vessel walls (13, 14). Adipokines differ in their involvement in endothelial function and the development of atherosclerosis. In this review, we will comprehensively review the role of adipokines in regulating endothelial function and atherosclerosis.




2 Protective adipokines



2.1 Adiponectin

Adiponectin is a 30-kDa multimeric protein primarily released by white adipose tissue. By interacting with its receptors, T-cadherin, AdipoR1, and AdipoR2, it controls the metabolism of fat and glucose (15, 16). Adiponectin has anti-atherogenic properties which can slow the advancement of atherosclerosis. In individuals with cardiovascular disease or dyslipidemia, adiponectin levels had a negative correlation with hs-CRP and a positive correlation with HDL-C, and sVCAM-1 (17).

Adiponectin significantly ameliorates the oxLDL-induced reduction in eNOS activity in atherosclerosis via the AMPK-PI3K-AKT-eNOS signaling pathways (Figure 1). Overexpression of adiponectin in ApoE-/- mice significantly reduced atherosclerotic plaque area and upregulated eNOS expression in the aorta (18). Hattori et al. found that HMW adiponectin activates AMPK, thereby enhancing eNOS phosphorylation and NO production in endothelial cells (19). AMPK promotes Akt activation, eNOS phosphorylation, and angiogenesis through the promotion of PI3K. Furthermore, in isolated aortic rings from caveolin-1 mutant mice, adiponectin phosphorylates eNOS in adipoR1/caveolin-1-dependent manner to increase endothelium-dependent vasorelaxation and endothelial NO generation (20).

[image: Diagram showing the signaling pathways involved with protective adipokines such as FGF21, PGRN, adiponectin, and CTRP9 on endothelial cells, impacting vascular smooth muscle. Pathways include FGFR, β-klotho, TNFR, and AdipoR, triggering AMPK, PI3K, NF-kB, and downstream effects like eNOS activation, NO production, and reduction of oxidative stress. It illustrates interactions leading to various cellular responses, such as increased SOD and decreased IL-8, CRP, ICAM-1, and VCAM-1, highlighting the influence of laminar flow and signaling intermediates like cAMP, Akt, and PKA.]
Figure 1 | Protective adipokines in regulating endothelial function and atherosclerosis. Protective adipokines depicted are adiponectin, CTRP9, FGF-21 and PGRN. Adiponectin and CTRP9 can activate the AMPK pathway by binding to the receptor AdipoR1: On the one hand, AMPK directly activates eNOS to promote NO production; on the other hand, AMPK activates Akt and phosphorylates eNOS through the promotion of P13 kinase, and the activation of AMPK also leads to a decrease in NF-κB activity. Furthermore, it inhibits ROS generation in endothelial cells through cAMP/PKA-dependent signaling. PGRN directly binds to TNF receptor (TNFR), inhibits NF-κB activation, and ameliorates endothelial inflammation. PGRN also activates PI3 kinase and upregulates NO levels through the Akt/eNOS pathway. FGF21 enhances AMPK activity by binding to a complex of receptors FGFR and β-klotho. On the one hand, AMPK upregulates Nrf-2 expression to eliminate oxidative stress. On the other hand, AMPK directly enhances eNOS activity thereby increasing NO production and endothelium-dependent restoration of vasodilation. FGF21, PGRN, Adiponectin and CTRP9 inhibit NF-κB activation and reduces CRP, IL-8 and adhesion molecules expression by binding to the receptor.

Adiponectin prevents monocyte adherence to endothelial cells and adhesion molecule production that is stimulated by TNF-α. Compared to WT mice, Adiponectin-KO animals exhibited considerably higher levels of VCAM-1 and ICAM-1. This increase may be attributed to adiponectin’s suppression of TNF-α-induced NF-κB activation (21). Noriyuki Ouchi et al. and Devaraj S et al. demonstrated that adiponectin treatment significantly inhibited NF-κB activity in HAEC, whereas AMPK activation decreased NF-κB activity and prevented CRP generation and secretion induced by high glucose (22, 23). NF-κB also stimulates the expression of IL-8, an important mediator of monocyte chemotaxis and firm adhesion to endothelial cells, an essential process in the initial stages of atherosclerosis. IL-8-mediated adiponectin exerts anti-inflammatory actions through PKA-regulated NF-κB inhibition and activation of PI3K/Akt (24, 25). When oxLDL binds to LOX-1, it activates MAPK (mitogen-activated protein kinase), which consequently increases the MCP-1 expression. However, Mutual regulation between lipocalin and LOX-1 exacerbates oxidative stress and ox-LDL uptake, leading to endothelial dysfunction in atherosclerosis. In ApoE KO mice, adiponectin reverses elevated LOX-1 expression and reduces NF-κB expression in the aorta (26). In cultured endothelial cells, adiponectin activates the PI3K/Akt signaling pathway through the receptor CRT’s junction protein CD91, induces COX-2 expression, activates the PGI2 pathway, and inhibits platelet and leukocyte adhesion to activated endothelial cells (27). Adiponectin enhances COX-2 expression via the SphK-1-S1P signaling pathway. Ikeda et al. found that in rat neonatal cardiomyocytes, inhibition of SphK-1 treatment decreased adiponectin-induced COX-2 expression (28).

Adiponectin induces endothelial cell migration, angiogenesis, and human umbilical vein endothelial cells (HUVEC) differentiation into capillary-like formations. In cultured endothelial cells, adiponectin prevented injury-induced intimal thickening by inhibiting HB-EGF expression in endothelial cells of injured vessel walls (29). Endothelial cell pyroptosis induces a cellular inflammatory response that promotes the atherosclerotic process. Adiponectin treatment reduced FoxO4 expression in HAEC exposed to LPS and inhibited the activation of NLRP3 inflammatory vesicles, which in turn inhibited the pyroptosis of aortic endothelial cells (30). In cultured HUVECs, recombinant adiponectin inhibits apoptosis and increases cell viability (31). In addition, adiponectin’s protective effect against Ang II-induced endothelial injury relies on its interaction with the cell-surface receptor adipoR1. Adiponectin regulates apoptotic pathways by decreasing LOX-1 expression and upregulating the ratios of cIAP-1 and Bcl-2/Bax (32).

The protein hydrolysis cleavage product of Adiponectin, gAD, has a higher binding affinity for adipoR1 and inhibits hyperglycemia-induced apoptosis in HUVEC cells by partially linking to adipoR1. In cultured HUVEC, gAP exerts a partial anti-apoptotic effect by stimulating the phosphorylation of AMPK at the Thr176 site, increasing eNOS activity, enhancing NO production, and inhibiting ROS production (33, 34) (Table 1, adiponectin).

Table 1 | Protective adipokines in regulating endothelial function and atherosclerosis.
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2.2 FGF21

Fibroblast growth factor 21 (FGF21) was first found to be secreted by brown adipose tissue (BAT) during thermogenic activation; in addition, it is also primarily secreted by the liver (65). FGF21 acts as an independent protective factor to reduce atherosclerotic injury and prevent endothelial dysfunction. FGF21 deficiency can lead to systemic inflammation that promotes the progression of atherosclerosis (36).

FGF21 can inhibit vascular endothelial inflammation by suppressing NF-κB pathway. Compared with normal rats, atherosclerotic rats had lower expression levels of FGF-21 in vascular endothelial cells. Additionally, in vitro injection of FGF-21 led to a reduction in lipid levels, Rho-kinase activity, and NF-κB expression in rats (37). The expression of inflammatory markers was increased in the aorta of apoE/FGF21 DKO mice with increased circulating concentrations of ICAM-1, VCAM-1, and TNF-α compared with apoE KO mice (36, 66).

FGF21 attenuates oxidative stress in the vascular endothelium and inhibits endothelial cell apoptosis. Ouyang et al. found that FGF21 treatment attenuates uric acid (UA)-induced endoplasmic reticulum stress, and inflammation through activation of SIRT1 (38). FGF21 acts by interacting with a complex receptor that includes FGFR and β-klotho (66). FGF21 binds to FGFR to enhance CaMKK2 and AMPKα activity (39). AMPKα promotes the expression of CAT, Nrf-2, and HO-1 to eliminate oxidative stress. Additionally, AMPKα directly enhanced eNOS activity to increase NO production and endothelium-dependent restoration of vasodilation. In a rat model of atherosclerosis, FGF-21 increased SOD levels, glutathione levels, and decreased malondialdehyde levels. This was mediated by inhibiting caspase3, suppressing p38 activation, and decreasing apoptotic activity, as evidenced by the increased ratio of BCL-2 to BAX expression (40).

In atherosclerosis, ox-LDL upregulates the expression of Fas apoptotic protein and promotes the interaction between Fas to its ligand FasL, which mediates apoptosis. In ox-LDL-incubated CMEC, increased levels of FGF21 reduced CMEC apoptosis (41). FGF21 inhibited atherosclerosis through mitigating Fas-mediated apoptosis in ApoE-/- mice, and in vitro studies have found that FGF21 inhibited apoptosis and prevented atherosclerosis progression in HUVEC through the Fas/FADD mechanism (42). By inhibiting the activation of the MAPK signaling pathway, FGF21 increased the cell survival of HUVECs and provided protection against H2O2-induced apoptosis (40).

FGF21 binding to FGFR1 inhibits phosphorylation of SYK Tyr525/526, which inhibits activation of the NLRP3 inflammasome, reduces vascular endothelial cell pyroptosis, thereby exerting anti-atherosclerotic effects (43). In addition, FGF21 inhibits HUVEC cell death through the TET2-UQCRC1-ROS pathway. FGF21 upregulates UQCRC1, which is downregulated by ox-LDL, and reduces UQCRC1 silencing-induced HUVEC cell death and ROS production (44). FGF21 also exerts its antiatherogenic effects through an adiponectin-dependent mechanism (66) (Table 1, FGF21).




2.3 CTRP9

C1q tumor necrosis factor-related protein 9(CTRP9), a recently identified adipokine, has the potential to inhibit atherosclerotic plaque formation. Clinical research has indicated that myocardial infarction patients have lower serum levels of CTRP9. Meanwhile, exogenous CTRP9 inhibited atherosclerotic plaque formation in ApoE KO and CTRP9 KO mice (45). CTRP9 binds to the receptors AdipoR1 and N-cadherin to activate multiple signaling pathways and regulate endothelial function.

CTRP9 inhibits vascular endothelial inflammation and leukocyte endothelial adhesion. CTRP9 treatment significantly diminished TNFα-induced NF-κB activation and lowered the expression levels of ICAM-1 and VCAM-1 (46). Meanwhile, CTRP9 ameliorated endothelial inflammation-mediated attenuation of AMPK signaling and attenuated endothelial senescence by restoring autophagy and autophagic flux via AMPK activation (47).

CTRP9 can promote eNOS phosphorylation through the AMPK pathway. On the other hand, CTRP9 phosphorylates HDAC7 and p38 MAPK via AMPK, thereby influencing the pro-angiogenic transcription factor MEF2. It also enhances VEGF production and secretion to induce angiogenesis (45). In aortic rings isolated from wild-type mice, CTRP9 may exert vasoprotective effects through the AdipoR1/AMPK/eNOS/NO signaling pathway that is approximately 3-fold more effective than that of adiponectin (67). In HUVEC, CTRP9 stimulates eNOS activation via AMPK or Akt signaling pathways, thereby improving endothelial function and supporting hemotransfusion following ischemia. Sun et al. demonstrated that CTRP9 attenuated ox-LDL-induced endothelial damage and counteracted ox-LDL-mediated reduction in HUVEC proliferation, and angiogenesis through PGC-1α/AMPK-activated antioxidant enzyme induction (48). Overexpression of CTRP9 inhibits vascular senescence in ApoE-KO diabetic mice and reduces atherosclerotic plaque formation (49) (Table 1, CTRP9).




2.4 PGRN

Progranulin (PGRN) functions as an autocrine growth factor that participates in multiple pathophysiological processes such as atherosclerosis. PGRN ameliorates endothelial inflammation through the NF-κB pathway while inhibiting neutrophil chemotaxis. PGRN directly binds to the TNF receptor (TNFR), inhibiting TNF-α-activated intracellular signaling, thereby inhibiting NF-κB activation, blocking monocyte attachment to HUVEC, decreasing the expression of VCAM-1, ICAM-1, TNF-α and MCP-1 that ameliorated inflammation. In comparison to ApoE KO mice, PGRN/ApoE DKO mice had more severe atherosclerosis, enhanced levels of adhesion molecules and reduced expression of endothelial eNOS in aortic lesions (50). In vitro, PGRN treatment of hBMVEC reduced TNF-α-induced ICAM-1 expression (51). Tian et al. found that RhPGRN countered the reduction in cell viability and migration caused by high uric acid (Hcy) through the PGRN/EphA2/AKT/NF-κB pathway and increased endothelial barrier function by modulating VCAM-1 and VE-cadherin expression recovery (68).

PGRN upregulates nitric oxide (NO) levels in HUVECs by acting the Akt/eNOS pathway. PGRN activates via EphrinA2 and Sortilin1 receptors and endothelial eNOS to regulates vascular tone and blood pressure (52). On the other hand, PGRN pretreatment enhanced acetylcholine (ACh)-induced endothelium-dependent relaxation and cGMP production induced by the NO donor sodium nitroprusside (SNP). PGRN enhances ACh-induced NO-mediated relaxation by increasing cGMP production in smooth muscle (53) (Table 1, PGRN).




2.5 Omentin

Omentin is a newly discovered adipokine mainly expressed in visceral adipose tissue (VAT). Coronary endothelium has significantly lower levels of Omentin-1 compared to non-CAD patients (54).

Omentin attenuates leukocyte adhesion to the endothelium. Omentin decreased the expression of ICAM-1 and VCAM-1 in HUVEC, which may inhibit expression of adhesion molecules by inhibiting the ERK/NF-κB pathway (55). In addition, Omentin-1 inhibited p53 phosphorylation to restore ox-LDL-induced KLF2 levels, and thereby inhibited KLF2-mediated proinflammatory cytokine-induced expression of VCAM-1, significantly reducing leukocyte adhesion to HUVEC (56).

Omentin increases NO bioavailability and promotes vasorelaxation. Omentin-1 increases NO metabolites within the aorta and significantly increases the ratio of phosphorylated eNOS to total eNOS, increasing NO bioavailability, increasing NO-dependent vasorelaxation of the aorta and improving its endothelial function (57). On the other hand, Omentin inhibits COX-2 and exerts anti-inflammatory effects by activating the AMPK/eNOS/NO pathway and preventing JNK phosphorylation (58).

Omentin reduces endothelial oxidative stress. Kamaruddin et al. found that Omentin inhibited ROS production in HUVECs and significantly increased GPx activity, protecting HUVECs from H2O2-induced apoptosis (59). Liu et al. found that Omentin-1 prevents high glucose-induced vascular endothelial dysfunction by activating the AMPK/PPARδ pathway, inhibiting oxidative stress, and boosting NO production (60). In vitro, Omentin-1 effectively facilitates the formation of vascular-like structures and attenuates apoptosis, and Omentin stimulates the Akt/eNOS signaling pathway and activates AMPK to improve revascularization (69) (Table 1, Omentin).




2.6 Vaspin

Vaspin, a recently discovered adipokine classified within the serine protease inhibitor family, exhibits multifaceted effects on various physiological processes. Notably, it plays a pivotal role in delaying macrophage apoptosis, thereby impeding endoplasmic reticulum stress-induced apoptosis in apoE-/- mouse models, consequently mitigating atherosclerotic plaque progression (70).

Vaspin improves endothelium-dependent vasodilation by activating the STAT3 signaling pathway. This activation leads to altered DDAH II expression, which lowers asymmetric dimethylarginine (ADMA) levels and promotes the phosphorylation of eNOS (71). Additionally, by inhibiting acetylcholinesterase (AChE) activity, vaspin increases endothelium-dependent relaxation mediated by NO. Jung et al. found that vaspin protects vascular endothelial cells against apoptosis by enhancing the activity of the PI3K/Akt signaling pathway (61).

Moreover, Vaspin has anti-inflammatory properties; in a concentration-dependent manner, it prevents TNF-α and IL-1-mediated activation of NF-κB and its downstream components, shielding endothelial cells from pro-inflammatory cytokine-induced inflammation (62). Vaspin may also reduce cytokine-induced adhesion molecules through inhibition of AMPK-activated NF-κB gene expression and reduce TNFα-induced monocyte adhesion to HAECs (63) (Table 1, Vaspin).





3 Deteriorative adipokines.



3.1 Leptin

The hormone leptin is generated by white adipose tissue and its receptors are expressed in many tissues including the cardiovascular system (72). Under hyperleptinemic conditions, leptin upregulates caveolin-1 protein expression, which activates the ERK1/2 and eNOS pathways and damages vascular endothelial cells (73). Leptin promotes endothelium imbalance in obese mice by upregulating eNOS expression and lowering intracellular L-arginine. This leads to eNOS uncoupling, endothelial NO depletion, and a rise in cytotoxic ONOO. Thus, an imbalance between eNOS expression and intracellular L-arginine levels may be one of the potential pathways of leptin-induced endothelial dysfunction (74).

Leptin induces pro-platelet and leukocyte adhesion to activated endothelial cells. Research conducted in vitro has revealed that leptin stimulates ERK1/2 to enhance the production of PAI-1, thereby facilitating the formation of plaque (75). Cirillo et al. demonstrated that leptin increases leukocyte adherence on the surface of human coronary artery endothelial cells (HCAECs) by promoting the production of tissue factor (TF) and cell adhesion molecules (CAMs) via the NF-κB pathway (76). In addition, leptin induces CRP expression. On the one hand, Leptin induces CRP expression in HCAEC by activating receptors to increase ROS production and ERK1/2 phosphorylation; on the other hand, Leptin may directly induce IL-6 production, which further upregulates CRP production in the liver. CRP activates the complement system, induces ICAM-1, VCAM-1, decreased eNOS, tPA activity, and platelet regulatory protein expression to produce proatherogenic effects on vascular endothelial cells (77).

Within endothelial cells, ROS serve as secondary messengers in the signaling pathways that are triggered by leptin. Yamagishi et al. found that leptin increased fatty acid oxidation through PKA in bovine aortic endothelial cells (BAEC), which in turn enhanced mitochondrial superoxide production and MCP-1 expression (78). In HUVEC, leptin increased ROS accumulation and activated the JNK pathway. Additionally, leptin activated NF-κB, which was activated in response to increased MCP-1 expression in HUVEC. Persistent oxidative stress in endothelial cells due to elevated leptin levels may initiate the development of atherosclerosis (79).

Leptin also has pro-endothelial angiogenic effects. By activating the Leptin receptor (Ob-R), leptin stimulates the angiogenic process and produces growth signals via tyrosine kinase-dependent intracellular pathways. Studies in vitro and in vivo have confirmed that leptin activates endothelial Ob-R and induces HUVEC proliferation and elevated expression of MMP-2 and MMP-9, which mediate aberrant angiogenesis (80). Garonna et al. found that leptin binding to the leptin receptor Ob-Rb stimulated VEGFR2 phosphorylation and enhanced COX-2 and PI3K/Akt expression in the endothelium through activation of p38MAPK, accelerating EC proliferation and capillary formation (81). It should be mentioned that another study found that leptin controls vascular tone via triggering the Akt-eNOS phosphorylation pathway, which in turn causes the production of NO (82) (Table 2, Leptin).

Table 2 | Deteriorative adipokines in regulating endothelial function and atherosclerosis.
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3.2 Chemerin

The two main receptors for the adipokine chemerin, which is extensively expressed in adipose tissue, are chemR23 and CCRL2 (83). In patients with essential hypertension, elevated circulating chemerin levels have been linked to early atherosclerotic alterations and endothelial dysfunction. And elevated levels of chemerin have been a reliable indicator of both heightened arterial stiffness and compromised endothelial function (115).

Chemerin induces endothelium-dependent vasorelaxation impairment via NO/cGMP signaling. Chemerin reduces vasorelaxation by decreasing NO production, enhancing NO catabolism, and decreasing NO-dependent cGMP signaling through eNOS uncoupling, and decreased GC activity (84).

Chemerin produced more ROS and phosphorylated MAPK, which enhanced the expression of pro-inflammatory mediators and monocyte adhesion to endothelial cells. In human microvascular endothelial cells, chemotherapy decreased eNOS activity and NO production. Chemerin exerts pro-apoptotic, pro-inflammatory, and pro-proliferative effects in human vascular cells through activation of Nox and redox-sensitive MAPK signaling (85). Neves et al. discovered that chemerin decreases eNOS phosphorylation and NO generation in insulin-induced endothelial cells, as well as insulin-induced vasodilation in diabetic obese mice via a mechanism of chemR23 activation, disruption of PI3K/Akt signaling, and oxidative stress (86). Chemerin/chemR23 induces increased mitochondrial ROS production in HAEC, which then triggers angiogenesis and autophagy via the AMPKα and beclin-1 pathways (87).

Chemerin promotes angiogenesis through the MAPKs pathway. Kaur et al. found that chemerin dose-dependently activated PI3K/Akt and MAPKs (p38MAPK/ERK1/2) pathway to induce the proliferation, migration, and capillary formation of ECs (88). Angiogenic effects of chemerin depending on MEK1 activity and chemerin activates ERK1 and ERK2 upon binding to CMKLR1, a receptor of the MAPK pathway (p42/44) (89). Meanwhile, Lobato et al. found that chemerin increased PE- and ET-1-induced vasoconstrictor responses through MEK-ERK1/2 pathway activation (116).

During atherogenesis, Chemerin is recruited to facilitate leukocyte adherence, when disrupted blood flow upregulates CCRL2 expression in localized vascular areas. Chemerin also activates β2 integrins in monocytes and downstream ERK1/2 through its PDI-like action (83). ChemR23 expression levels in vascular endothelial cells are regulated by inflammatory cytokines such as TNF-α, IL-1β (87), while ChemR23 upregulates these pro-inflammatory cytokines in human ECs (88). Under low-grade inflammation, IL-6 may affect endothelial eNOS expression leading to reduced NO bioavailability and producing endothelial dysfunction (117).

However, there are contradictions regarding the inflammation-inducing effects of chemerin. Yamawaki et al. found that chemerin inhibits NF-κB and p38 signaling by activating the Akt/eNOS/NO pathway. It also reduces TNF-α-induced VCAM-1 expression and promotes monocyte adherence, all of which have an anti-inflammatory impact (90). Kengo Sato et al. found that chemerin-9, an analog of chemerin, significantly reduced TNF-α-induced HUVEC adhesion and pro-inflammatory molecule mRNA expression, as well as THP1 monocyte adherence to the inflammatory phenotype of HUVEC and macrophages (118) (Table 2, Chemerin).




3.3 Resistin

According to recent research, resistin plays a variety of roles in lipid buildup, inflammation, and endothelial damage. Serum resistin levels are higher in individuals with premature coronary artery disease (PCAD) than in the general population (91). Higher resistin levels are linked to a higher risk of major adverse cardiac events (MACE) in individuals with peripheral vascular disease (PAD). In patients with PAD, resistin may serve as a marker or effector of compromised vascular physiology and unfavorable cardiac outcomes (119). In HUVECs, exogenous resistin significantly raised the levels of ET-1 and PAI-1, affecting endothelial function and VSMC migration (120).

Resistin promotes atherosclerosis progression by increasing monocyte-endothelial cell adhesion through upregulation of α4β1 integrin (VLA-4) and VCAM-1 (92). In comparison to WT mice, the aorta of ApoE-/-mice had higher amounts of resistin, resistin induced increased expression of MCP-1 and sVCAM-1 (91). Additionally, resistin elevated the production of VCAM-1 and inflammatory cytokines, but not MCP-1, in the carotid arteries of the atherosclerosis model rabbit (93). Hsu et al. found that resistin increased the expression of ICAM-1 and VCAM-1 through the p38MAPK pathway, and monocyte adhesion to HUVEC (121). Resistin increases the expression of SOCS3 in HEC and triggers the transcription factor STAT3. Inhibiting SOCS3 function stops resistin from inducing the expression of P-selectin and fractalkine, two cell adhesion molecules that limit endothelial cell activation (94). Human atherosclerotic lesions have elevated CCL19 levels. Toll-like receptor 4 (TLR4) stimulation by resistin triggers CCL19 production and NF-κB activity in HAEC (95).

Resistin induces oxidative stress, which promotes vascular lesion formation by interacting with TLR4, inducing activation of p38MAPK and NADPH oxidases, increasing the permeability of HCAEC monolayers, and increasing ROS production (96). On the other hand, resistin directly suppresses eNOS in HCAEC by inducing oxidative stress and activating JNK and p38 (97). Vascular disorders associated with angiogenesis may be significantly influenced by resistin. Human endothelial cells are stimulated to proliferate and migrate by resistin, which also encourages the development of capillary-like tubes, increases the production of MMPs and VEGFRs, and activates the ERK1/2 and p38 pathways (98) (Table 2, Resistin).




3.4 FABP4

The cytoplasmic fatty acid chaperone FABP4, often referred to as aP2, is mostly expressed in myeloid and adipocyte cells.

FABP4 functions as an intracellular fatty acid chaperone in fatty acid transport, metabolism, and signaling. It has been found to be involved in endothelial dysfunction via many routes, such as the ERK/JNK/STAT-1, eNOS, and SDF-1 signaling pathways. In endothelial cells, FABP4 interacts with CK1, influencing the transport of fatty acids mediated by eFABP4 and subsequently activation of inflammatory and oxidative stress processes (99). Ectopic expression of FABP4 has been linked to arterial neointimal formation following intravascular injury. Notably, neointima formation Interestingly, neointima development was considerably lower in FABP4-/-mice than in WT mice. Furthermore, HUVEC lacking in FABP4 showed reduced motility, a higher propensity for death, and compromised development of capillary networks. Ectopic production of FABP4 via the VEGF/VEGFR2 pathway enhances the pathogenesis of atherosclerosis and vascular damage under pathological conditions (ischemia, hypoxia) (122). VEGFA induces FABP4 in endothelial cells. Arjes et al. found that VEGFA induces FABP4 by a DLL4-NOTCH-dependent mechanism and may be regulated by the AKT pathway through FoxO1 (123).

In contrast, when FABP4 acts as an adipokine, it participates in the inflammatory response by promoting adhesion of endothelial cells to monocytes extracellularly through upregulation of adhesion molecules. FABP4 overexpression significantly increased the levels of inflammatory cytokines and adhesion molecules, preventing HCAECs from phosphorylating NOS3 (100, 101). FABP4 activation prompts the adhesion of HCAECs to monocytes by upregulating ICAM-1, VCAM-1, and P-selectin. This action inhibits eNOS phosphorylation and diminishes SDF-1 protein expression, thereby impeding vascular formation and migration (102). Moreover, FABP4’s propathogenic and angiogenic actions in the EC are largely mediated by the SCF/c-kit pathway (101). FABP4 causes insulin-mediated changes in the eNOS pathway by blocking IRS1 and Akt activation. These changes significantly reduce eNOS expression, activation, and NO generation, which eventually results in endothelial dysfunction (103) (Table 2, FABP4).




3.5 RBP4

Hepatocytes and adipocytes release retinol-binding protein 4, or RBP4, a developing adipokine. It acts as the main bloodstream carrier of vitamin A, or retinol (104). It was discovered that there was an inverse relationship between carotid intima-media and plaque echogenicity, suggesting a potential link between RBP4 and the onset of atherosclerosis (124).

RBP4 induces oxidative stress in endothelial cells, triggering an inflammatory response. RBP4 overexpression in mice and exogenous RBP4 in HAEC both cause the production of mitochondrial superoxide, which compromises the integrity and content of the mitochondria as well as the membrane potential and ultimately results in endothelial mitochondrial dysfunction. This dysfunction is accompanied by apoptosis, linked to impaired PI3K/AKT signaling pathway (105). RBP4 stimulates HUVEC to produce proinflammatory chemicals, which in turn helps humans’ leukocyte adhesion and recruitment to the endothelium through NF-κB and NADPH oxidase-dependent processes. These molecules, including VCAM-1, ICAM-1, E-selectin MCP-1, and IL-6, contribute to inflammation in HUVECs (104) RBP4.




3.6 LCN2

Neutrophophil gelatinase-associated lipocalin (NGAL), or lipocalin 2 (LCN2), is a glycoprotein that was recently shown to be a cytokine generated from adipose tissue. Compared to nonatherosclerotic carotid arteries, atherosclerotic carotid arteries had higher levels of LCN2 expression (108, 109).

Studies have demonstrated that LCN2 induces endothelial dysfunction by promoting eNOS uncoupling and COX production (110). LCN-2 deficiency prevents the eNOS dimer-monomer transition in the aorta, enhances activation of the PKB/eNOS pathway, and improves insulin sensitivity. On the other hand, the presence of LCN-2 exacerbates endothelial oxidative stress by facilitating ACh-induced ROS production (110). Song et al. elucidated that LCN2 buildup in arteries causes endothelial dysfunction by upsetting the vascular system and changing the polyamine balance. It may also have an effect on the eNOS-NO metabolic pathway (111).

Treatment with recombinant human LCN2 (rhLCN2) significantly increases pro-inflammatory cytokines in HUVEC, fostering an inflammatory milieu conducive to atherosclerotic lesions (109). Meanwhile, LCN2 upregulates ICAM-1, VCAM-1, and E-selectin associated with the upregulation of NF-κB in HUVEC, which enhanced THP1 monocyte adhesion to HUVEC (112). Early in the development of a lesion, a deficit in LCN2 causes an increase in plaque size, which could be the result of an increase in inflammatory monocytes. However, in advanced lesions, LCN2 deficiency reduces the formation of necrotic cores in advanced lesions. In mice with atherosclerosis, LCN2 absence lowers MMP-9 activity, which may encourage the development of more stable atherosclerotic plaques (108). Furthermore, compared to normal individuals, patients with obesity have higher circulating levels of LCN2, and variations in LCN2 are inversely linked with variations in vasodilator function. Consequently, LCN2 holds promise as a potential biomarker for obesity risk stratification (125) (Table 2, LCN2).




3.7 Adipsin

Adipsin has a role in the activation of the complement replacement pathway and is mostly secreted by adipocytes, monocytes, and macrophages. The function of adipsin in endothelial injury and atherosclerosis is now under debate.

Zhang et al. found that adipsin stimulates cell migration in CMEC angiogenesis. Adipsin can bind to Csk, thereby inhibiting the phosphorylation of Src and VE-cadherin, thus preventing the internalization of VE-cadherin. Adipsin maintains the integrity of the endothelial barrier by inhibiting VE-cadherin internalization, thereby attenuating diabetic injury-induced CMEC hyperpermeability (113).

However, it has also been shown that adipsin adversely affects cardiovascular function. Higher plasma adipsin concentrations in cardiovascular disease may trigger complement activation. Complement activation can then be mediated through receptors on immune cells and endothelial cells for allergenic toxins C3a and C5a, which cause inflammation and endothelial dysfunction. The complement system is activated when inflammatory cytokines are expressed more often and immune cells are attracted to endothelial cells (ECs) by chemotaxis. This process further suppresses endothelial NO production and causes or worsens vascular dysfunction (114, 126). However, whole body adipsin KO mice didn’t affect the development of atherosclerosis (127) (Table 2, Adipsin).





4 Discussion

Given the rising incidence of obesity-related cardiovascular diseases, there has been growing recognition of the significance of adipokines in the progression of atherosclerosis (14). Adipokines exert a notable influence on endothelial cell regulation throughout the course of atherosclerosis development. Although various adipokines employ distinct regulatory mechanisms on endothelial cells, they also share common pathways (Figure 1). Protective adipokines such as Adiponectin, CTRP9, and FGF21 exert their effects by activating AMPK, phosphorylating eNOS and promoting NO production (128–130). Furthermore, these adipokines, along with PGRN, inhibit the NF-κB pathway by binding to its receptor, thereby mitigating the inflammatory response (131). Conversely, deteriorative adipokines activate the NF-κB pathway to promote the expression of adhesion and pro-inflammatory molecules (Figure 2). Leptin, IL-1β, Resistin, Chemerin, and LCN2 all induce oxidative stress by generating ROS (84, 85, 110, 132, 133). However, the molecular mechanisms behind the role of adipokines in regulating endothelial function in atherosclerosis have not been fully elucidated, and more research needs to be focused on this in the future.
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Figure 2 | Deteriorative adipokines in regulating endothelial function and atherosclerosis. Deteriorative adipokines depicted are Leptin, Chemerin, Resistin, LCN2, RBP4, IL-1β and IFN-γ. Resistin, RBP4, IL-1β. Leptin, Chemerin, Resistin, LCN2, RBP4, IL-1β, and IFN-γ all activate the NF-κB pathway, resulting in the production of pro-inflammatory cytokines and adhesion molecules. Leptin, Chemerin and IFN-β bind to the receptor to increase ROS production, upregulate PAI-1 expression in vascular endothelial cells through the ERK1/2 pathway to promote plaque formation, activate p38MAPK to accelerate EC proliferation and capillary formation. Furthermore, IFN-γ enhanced leukocyte adhesion and recruitment by upregulating TNF-α expression in vascular endothelial cells. Resistin, RBP4, IL-1β can activate the MAPKs pathway and induce the activation of NADPH oxidase to promote ROS production by binding to TLR4. FABP4 increases inhibition of eNOS phosphorylation to suppress NO production, LCN2 inhibits NO production through the PKB/eNOS pathway and generates ROS to promote oxidative stress.

The regulation of endothelial function by certain adipokines remains contentious. For instance, Leptin demonstrates an acute endothelium-dependent vasodilatory effect but can contribute to endothelial deterioration over time (79, 82). Similarly, RBP4 initially exerts an acute vasodilatory effect, but prolonged exposure leads to oxidative stress and inflammation in endothelial cells (106, 134, 135). Population-based experiments investigating RBP4’s influence on atherosclerosis yield conflicting results. Regarding Chemerin, its impact on endothelial cell inflammation remains uncertain. While most studies suggest proinflammatory effects, some researchers propose that Chemerin may exhibit anti-inflammatory properties, enhancing plaque conditions by promoting nitric oxide (NO) production in vascular endothelium (85, 90). Omentin, despite existing studies showing it to be protective of the endothelium, its role in the development of atherosclerosis is unclear. In endothelial cells, IL-18 is known to regulate leukocyte recruitment via specific adhesion molecules. While some studies explore its role in atherosclerosis development in smooth muscle cells, its direct impact on endothelial cells warrants further investigation.



In conclusion, adipocyte-secreted adipokines are crucial to the progression of atherosclerosis. Moving forward, additional research efforts are imperative to gain a deeper understanding of how obesity-related adipokines regulate endothelial cells in the context of atherosclerosis. Targeting certain adipokines may provide novel clinical applications in treating atherosclerosis related CADs.
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Introduction

The placental vascular system plays an important role in the development of pregnancy hypertension in preeclampsia. The gene profiles of whole placental tissue (containing blood vessels and many other structural components) and pure vascular tissue should be very different. All previous reports using RNA-seq analysis in the placenta have tested its whole tissue or the villous part, and thus the gene profiles in the pure placental blood vessels are unknown.





Methods

This study was the first to address this point with RNA-seq in human placenta at the transcript level. Isolated placental micro-vessels from normal and preeclamptic pregnancies were used for RNA-seq analysis, real-time quantitative polymerase chain reaction (RT-qPCR) verification, and vascular function tests. Furthermore, a vascular function-centric core network was constructed to show the gene-gene interactions and gene-function associations in the placental vessel system.





Results

Differential expression analysis identified a total of 486 significantly changed transcripts. Bioinformatics analysis further confirmed that multiple genes were highly related to blood vessel and placental phenotypes. Several hub genes, including ELMO1, YWHAE, and IL6ST, were significantly reduced in the placental vessels in preeclampsia. Vascular tension experiments showed that angiotensin II-mediated vasoconstriction and exogenous NO donor sodium nitroprusside-induced vasodilation were decreased, while phenylephrine-mediated vascular responses were unchanged in placental micro-vessels in preeclampsia.





Discussion

The results provide important insights into the pathological process in the placental vasculature in preeclampsia and offer great potential for further investigation of these molecular targets in the human placental vascular system.





Keywords: placental micro-vessels, RNA-seq, ELMO1, preeclampsia, vascular tension




1 Introduction

Preeclampsia (PE) is one of the most serious pregnancy complications with high morbidity and mortality for both the mother and baby (1). One major characteristic of PE is significantly increased blood pressure after the first 20 weeks of pregnancy. Interestingly, pregnancy hypertension is closely related to the development of the placenta. Notably, the majority of pregnancy-induced hypertension usually disappears after delivery of the placenta, strongly indicating a critical contribution of the placenta to the development of hypertension in pregnancy in PE (2).

It is well known that the placenta is rich in blood vessels. Most placental physiological functions, such as the support and maintenance of maternal-fetal-circulation for the delivery of oxygen, nutrients, and other substances between mother and fetus, are dependent on the vascular system in the placenta (3). Thus, anything that influences placental blood vessels or circulation, including structural and functional changes, would affect the health of both mother and fetus.

Regarding the development of hypertension and its underlying pathological process, it is also well known that the main basis for the development of hypertension, in general, may be related to alterations in either vascular structures or functions (4). Previous studies by us and others have demonstrated vascular dysfunction in response to various drugs in placental micro-vessels in PE (3). While exploring molecular cues to the underlying pathological mechanisms of PE, researchers have used RNA-seq to screen for differentially expressed (DE) genes in the placenta (5) and obtained important information on PE-related DE gene profiles in the human placenta. However, in addition to blood vessels, the placenta also contains a large amount of other non-vessel tissue. One of our research targets in the last two decades has been blood vessels (especially micro-vessels) in the placenta and umbilical cord (6). Thus, the initial question in this study was: can a DE gene profile generated by RNA-seq in whole placental tissue represent a profile for pure placental vessels? Obviously, the answer should be “No”, at least in precision medicine. To the best of our knowledge, there is no bioinformatics data or RNA-seq information on human placental micro-vessels. Therefore, this study was designed to be the first to use high-throughput sequencing technology to determine a DE gene profile in human placental blood vessels and examine transcript phenotypes in the placental vascular system in PE.

Considering that placental vascular dysfunction could be influenced by local inflammation or pro-inflammation, endocrine disorders, and pathological development of vascular structures (7), the bioinformatics analysis in the present study focused on DE genes related to these issues. Several endocrine factors or hormones, such as angiotensin II (Ang II), phenylephrine, and nitric oxide donor sodium nitroprusside (SNP) were employed in micro-vessel experiments to test for possible vascular functional changes in PE placentas.




2 Materials and methods



2.1 Patient selection

Healthy women with normal pregnancies (N=18) and women with preeclampsia (N=18) were recruited from the Wuxi Maternal and Child Health Hospital in China. The institutional ethics committee approved all procedures of this work (ref. no. 2022-01-0726-12), and all participants gave informed consent. Healthy pregnant participants were defined as having blood pressure not higher than 120/80 mmHg and no clinically significant complications and were the control group. Pregnant participants with preeclampsia were defined as having blood pressure>140/90 mmHg and significant proteinuria after 20 weeks of gestation. Women with essential hypertension or medical complications, such as diabetes, renal, or cardiovascular disease were excluded from the study. Human placentas were immediately acquired from the healthy and preeclamptic pregnant women after vaginal delivery or Caesarean section within 1 h. The placentas were preserved in an icy physiological solution. Human placental blood vessel branches were carefully isolated under a stereomicroscope. Blood vessel samples were gently and immediately separated from surrounding connective tissue and kept at -80°C before the experiments. The characteristics of the samples are shown in Table 1.

Table 1 | Characteristics of the participants.


[image: Table comparing control and preeclampsia groups, each with 18 participants. The parameters are: Age (control: 29.48 ± 4.75, preeclampsia: 29.76 ± 3.79), Gestational weeks (control: 38.4 ± 1.25, preeclampsia: 36.54 ± 1.22*), BMI (control: 27.42 ± 2.66, preeclampsia: 27.22 ± 2.78), SBP (control: 116.5 ± 3.81, preeclampsia: 148.50 ± 5.04*), DBP (control: 74.5 ± 3.87, preeclampsia: 101.10 ± 5.02*). Asterisks indicate P < 0.05. SBP is systolic blood pressure, and DBP is diastolic blood pressure.]



2.2 RNA extraction

Approximately 50 mg of each placental vascular tissue sample was placed in grinding tubes with beads, and 1 mL of TRIzol reagent (Takara, Kusatsu, Shiga, Japan) was added to each tube and ground completely. Then, 0.2 mL of chloroform was added to each tube and shaken vigorously for 20 s. After the sample was left at room temperature for 5 min, the mixture was centrifuged at high speed (12,000 rpm, 4°C) for 15 min. The top phase was separated and mixed with 0.5 mL of isopropyl alcohol at room temperature for 10 min and centrifuged for 10 min (12,000 rpm, 4°C). The precipitate was washed with 1 mL of 75% ethanol, centrifuged for 5 min (7,500 rpm, 4°C), and the liquid was removed and dried at room temperature for 15 min. Then, 150 μL of diethyl pyrocarbonate (DEPC) H2O was added and gently mixed. Before library construction, all RNA samples were checked for quality: (1) RNA concentration, as well as purity, were tested, and the ratio of OD260/OD280 was 1.8~2.0 (Nanodrop); (2) RNA integrity and DNA contamination were checked using agarose gel electrophoresis; (3) The RNA integrity was assessed as a function of the RNA integrity number (RIN) >8.0, using an Agilent 2100 Bioanalyzer.




2.3 Construction of transcriptome libraries

Total RNA (1 μg) was used for the library preparation using a VAHTS Universal V8 RNA-seq Library Prep Kit for Illumina (Vazyme #NR605). The poly(A) mRNA isolation was performed using Oligo(dT) beads. The mRNA fragmentation was performed using divalent cations at high temperatures. Priming was performed using Random Primers. First-strand cDNA and the second-strand cDNA were synthesized. The purified double-stranded cDNA was then treated to repair both ends and add a dA-tailing in one reaction, followed by T-A ligation to add adaptors to both ends. Size selection of the adaptor-ligated DNA was then performed using DNA Clean Beads. The samples were then amplified by polymerase chain reaction (PCR) using P5 and P7 primers, and then PCR products were verified. Libraries with different indexes were multiplexed and loaded on an Illumina HiSeq instrument for sequencing using a 2x150 paired-end configuration according to the manufacturer’s instructions.




2.4 Sequencing data quality control

In order to remove technical sequences, including adapters, PCR primers, or fragments and quality of bases lower than 20, pass filter data in the fastq format were processed by Cutadapt (V1.9.1, phred cutoff: 20, error rate: 0.1, adapter overlap: 1bp, minimum length: 75, proportion of N:0.1) for high-quality clean data. Reference genome sequences and gene model annotation files of related species were downloaded from genome database websites, including National Center for Biotechnology Information (NCBI), University of California Santa Cruz (UCSC), and ENSEMBL. Hisat2 (v2.2.1) was then used to index the reference genome sequences. Finally, the clean data were aligned to the reference genome using Hisat2 (v2.2.1).




2.5 RNA-seq data analysis

The DESeq2 package was used to normalize raw expression counts, filter low-expressed genes, and calculate differentially expressed genes between different groups at the transcript level. The raw p values were further corrected [to generate false discovery rate (FDR) values] by using the Benjamini and Hochberg (BH) method. The combined strategy of FDR<0.05 and log2fc>1 (absolute fold change greater than two) was used to select significantly changed genes.




2.6 Bioinformatics analysis

To explore the functional potentials of differentially expressed genes, the ToppGene toolkit was used to perform gene list enrichment analyses (8). The embedded databases of phenotype associations, Gene Ontology (GO; including biological processes, cellular components, and molecular functions), and Reactome Pathways were used for functional enrichment. The full gene set of each functional database was used as background for the statistical calculations. Functional terms with p<0.05 were considered significantly enriched. The relationships between and among different genes were annotated using the STRING database (9).




2.7 Real-time quantitative polymerase chain reaction validation

Based on the results of the RNA-seq data analysis, the differentially expressed genes with both statistical significance and at least 2 or 3-fold difference were selected for further real-time quantitative polymerase chain reaction (RT-qPCR) validation. RNA was extracted using a previously described procedure (10). A first-strand cDNA synthesis kit (Takara, Cat#6210A) was used for the synthesis of cDNA strands from purified total RNA. A real-time PCR was performed with SYBR and analyzed on Quant Studio (Thermo Fisher Scientific) in a 96-well plate. The 2 −ΔΔCT method was used to comparatively quantify the mRNA levels of the target genes, and ACTB was used as an endogenous reference gene. All the primer sequences used in this study are listed in Supplementary Table 1.




2.8 Measurement of placental vessel tension

The placenta was preserved in ice-cold Krebs solution (containing NaHCO3 25 mmol/L, NaCl 119 mmol/L, KH2PO4 1.2 mmol/L, glucose 11 mmol/L, KCl 4.7 mmol/L, MgSO4 1.0 mmol/L, and CaCl2 2.5 mmol/L), and bubbled with 95% O2 and 5% CO2. Placental vessels (diameter: approximately 150 μm) were carefully isolated under a stereomicroscope. All blood vessel samples were gently and immediately isolated from the surrounding connective tissue and kept at 4°C in a HEPES solution (NaCl 115.0 mmol/L, KCl 4.7 mmol/L, MgSO4 1.1 mmol/L, EDTA 0.51 mmol/L, CaCl2·2H2O 1.5 mmol/L, KH2PO4 1.2 mmol/L, glucose 5.0 mmol/L, and HEPES 10.0 mmol/L, pH=7.4 with NaOH) for the experiments.

The human placental blood vessels were carefully cut into rings approximately 2 mm long under a stereomicroscope. An M4-myograph system (Danish Myotechniques, Aarhus, Denmark) was used to measure vascular tension in response to various drugs. A vascular ring of human placental micro-vessels (approximately 150 μm in diameter) was placed in a chamber of the system. The chamber was filled with HEPES solution and gassed with 95% O2 and 5% CO2. KCl (120 mmol/L) was used three times to induce optimal resting tension, which was treated as contraction normalization. After 60 min of equilibration, following serotonin (5-HT, 10−4mol/L)-mediated contractile platform, sodium nitroprusside (SNP, 10−9–10−4mol/L) was added into the solution with the vessel ring, and responses of vascular tone were continuously recorded. Cumulative concentrations of angiotensin II (AngII,10−11–10−6mol/L) or phenylephrine (10−9–10−4mol/L) were added to the chamber to test the vascular response curves. Each vascular ring was used for only a single drug test (SNP, Ang II, or phenylephrine only).




2.9 Statistical analysis

GraphPad 8.0 was used for statistical analysis. Data are expressed as mean ± standard error of the mean (SEM). A p-value < 0.05 was used to determine the statistical significance of the difference between the two groups using Student’s t-tests.





3 Results



3.1 Isolated placental vessels

Figure 1 shows a typical sample of human placental blood vessel structures which was isolated carefully under a stereomicroscope. All the placental vessel samples were separated from the surrounding tissue as shown in Figure 1 and were used for both functional and molecular experiments, including RNA-seq, RT-qPCR tests, and vascular tension measurements.

[image: Two side-by-side images of roots labeled "CON" and "PE" on a black background. The "CON" roots appear straighter and less branched, while the "PE" roots are more branched and tangled.]
Figure 1 | Placental blood vessels were separated from placental tissue. Con, control; PE, preeclampsia.




3.2 RNA-seq analysis

RNA-seq analysis shows that there were a total of 62,710 transcripts in the human placental micro-vessel tissue. Comparative analysis demonstrated there were a total of 486 differentially expressed transcripts (products of protein-coding genes), with 197 upregulated and 289 downregulated in the PE group when compared to the control group. Bioinformatics analysis provided a heat map and volcano plot of differentially expressed transcripts in placental micro-vessel tissue between the control and PE groups (Figure 2). A detailed list of the differentially expressed transcripts is presented in Supplementary Table 2.

[image: Panel A shows a volcano plot with fold change on the x-axis and adjusted p-value on the y-axis. Colored dots represent different significance levels. Panel B displays a circular plot with concentric rings showing gene expression changes in colors ranging from green to red, indicating expression levels and significance.]
Figure 2 | (A) Volcano plot for the comparison of the gene expression between different groups. (B) Circular heatmap of the differentially expressed transcripts.




3.3 Bioinformatics analysis

Phenotype enrichment analysis showed that the DE genes were highly related with blood vessel morphology, placental morphology, and hypertension (Figure 3A). GO and Reactome Pathway annotations further indicated the detailed functional associations at different levels (Figures 3B, C). Briefly, in addition to the predominant function of blood vessel development during pregnancy, these DE genes were also involved in the apoptotic process, cell proliferation, focal adhesion, transcriptional regulation, protein phosphorylation, and signal transduction (Supplementary Table 3). Considering both the gene-gene interactions and gene-function associations, a vascular function-centric core network was constructed (Figure 3D). These 19 hub genes were selected as potential key targets for understanding the pathological mechanism of preeclampsia in the human placenta (Table 2).

[image: The image contains four panels depicting biological data visualizations. Panel A shows a bubble plot of phenotype enrichment, with varying circle sizes and colors indicating count and significance. Panel B presents a circular representation of gene ontology classifications for molecular functions, biological processes, and cellular components. Panel C features another bubble plot, focusing on pathway enrichment with similar visual indicators. Panel D displays a network diagram illustrating relationships between proteins, signal transduction, and other biological functions, with nodes colored for up and down gene expression.]
Figure 3 | (A) Representative phenotype enrichment results. (B) Representative GO enrichment results. (C) Representative pathway enrichment results. (D) Vascular function-centric core network of the DE genes and major associated functions.

Table 2 | Key hub genes identified in the vascular centric core network.


[image: Table listing gene expression changes. Columns include Gene Name, Description, Change, log2FC, and FDR. Genes such as COMT, PRC1, SMC4, among others, are marked as "UP," while PLK2, PXN, YWHAE, and others are marked as "DOWN." Log2 fold changes and FDR values vary.]



3.4 Real-time quantitative polymerase chain reaction analysis

A total of six differentially expressed genes with at least 2-3-fold differences were used for further RT-qPCR validation. They are IL6ST, ELMO1, AMOTL2, YWHAE, PXN, and NR3C1. RT-qPCR analysis showed that half of these differentially expressed genes (ELMO1, YWHAE, and IL6ST) were significantly reduced in placental micro-vessel tissues in the PE group (Figure 4).

[image: Bar graph showing relative mRNA expression levels of IL6ST, ELMO1, AMOTL2, YWHAE, PXN, and NR3C1. The bars compare control (CON, black) versus PE (red). Significant differences are noted: IL6ST and AMOTL2 (**), and ELMO1 (*), while others show no significance (ns). The axis ranges from 0.0 to 1.5.]
Figure 4 | The results of further RT-qPCR validation. *P <0.05; **P <0.01; ns, no significance.




3.5 Micro-vessel tension mediated by drugs

The functional experiments tested vascular tension responses to various drugs, that induced either vasodilation or vasoconstriction in placental micro-vessels. The accumulated concentrations of SNP-induced placental vascular relaxation were significantly reduced in the PE group (Figure 5A). This indicates that vascular dilatation capability was impaired in the placentas of the PE patients.

[image: Three line graphs labeled A, B, and C compare tension responses in controls (black) and a test group (red) at varying concentrations. Graph A: Tension decreases as SNP concentration increases, with significant differences marked by asterisks. Graph B: Tension increases with higher Ang II concentrations, showing significant differences marked by an asterisk. Graph C: Tension gradually increases with phenylephrine concentration, with no significant difference (ns noted). Error bars indicate variability.]
Figure 5 | (A) The vasodilator agent sodium nitroprusside (SNP) mediated dilation responses in normal and preeclamptic human placental vessels. (B, C) Angiotensin II (Ang-II) and phenylephrine-mediated vascular responses in normal and preeclamptic placental micro-vessels. *P <0.05; **P <0.01; ns, no significance.

As Figure 5B shows, as the dose increased, Ang-II generated a significant dose-dependent vasoconstriction curve in both the control and PE groups, demonstrating the positive stimulating effects of Ang-II on human placental micro-vessels. Moreover, Ang-II-mediated placental vascular constriction was significantly reduced in the PE group (Figure 5B), indicating that the response of placental micro-vessels to Ang-II was damaged. Application of phenylephrine, another common vascular stimulator (11), to placental vascular samples in the chamber resulted in limited vascular tone in both the control and PE groups (Figure 5C). No significant change was observed between the control and PE placental vessels in response to accumulated concentrations of phenylephrine.





4 Discussion

The placenta plays a critical role in the maternal-placental-fetal circulation between the pregnant mother and her fetus. Anything wrong in a developing placenta may cause maternal diseases such as PE or a fetal growing issue such as intrauterine growth restriction (IUGR) (12). The human placenta is rich in micro-vessels, which are important for multiple functions. This study focused on placental micro-vessels under conditions of PE. RNA-seq analysis of the placenta is not novel (13). However, all previous analyses have tested whole placental tissue together with blood vessels and various surrounding tissues. In contrast, this study used separated placental micro-vessels after removing the surrounding tissues, as Figure 1 shows. For example, a previous study showed a total of 1,950 differentially expressed mRNAs in the human placenta (whole tissue) in PE (14), much more than that in our study. This makes sense because their whole placental tissue not only contains vascular tissue but also other tissues. It is not strange that the molecular analysis results of whole placental tissue and pure blood vessel tissue could be very different. The present study was the first to use RNA-seq analysis to explore pure human placental micro-vessels in both healthy and PE groups. Therefore, all RNA-seq analysis-generated data regarding human placental micro-vessels in this study are novel and have not been published before.

Our transcriptomic analysis revealed a total of 486 genes in human placental micro-vessels that were differentially expressed due to PE (Supplementary Table 4). The heat map and volcano plot show the significantly upregulated or downregulated transcripts. Our new data demonstrate that all of these 486 up or downregulated genes were purely expressed in placental blood vessels, after excluding other placental tissues in PE. If one were to compare the genes between our results and previous studies, it would be found that some individual genes may be differentially expressed only in placental micro-vessels or surrounding tissues (15). This is an important contribution to further understanding the DE gene profiles in both whole placental tissues and micro-vessels related to PE. This also indicates which vascular DE genes may play a role in placental blood vessels linked to the development of PE.

Second, further bioinformatics analysis uncovered that certain differentially expressed genes are highly related to blood vessel morphology and hypertension, demonstrating novel phenotypes of DE genes in human placental vascular development in PE, which is characterized by increased blood pressure in the mid-late trimesters of gestation (16). Notably, many of the DE genes were shown to be not only closely related to blood vessel development and function but also linked with cell proliferation, focal adhesion, apoptosis, transcriptional regulation, signal transduction, and protein phosphorylation. To reveal the DE gene-gene interactions and gene expression-vascular function associations in the placental vessel system in the human placenta in PE, a vascular functional centric core network was constructed (Figure 3D). In theory, the 19 hub genes in the network could be considered and selected as potential key targets to further explore the pathological mechanisms of preeclampsia in the human placenta.

It is understood that it is inevitable that there are false positives or negatives in RNA-seq analysis, especially in human samples with high individual variation. Thus, RT-qPCR can be employed as an additional indicator to verify DE genes (17). In our experiments, among the six representative DE genes in placental vessels, the reliability of ELMO1, YWHAE, and IL6ST as DE genes in PE was further confirmed. Additionally, although PXN and NR3C1 did not have significant p-values in the RT-qPCR, their change trends were consistent with the RNA-seq analysis.

The engulfment and cell motility protein (ELMO) is an evolutionarily conserved adaptor protein with three protein isoforms. ELMO1 has been shown to be expressed in the zebrafish vasculature and has an important role in early developmental vascular processes (18). The present study was the first to demonstrate that ELMO1 is also present in human placental vasculature, and may play an important role in the process of PE since it was confirmed as a reliable hub DE gene in the present study. The placenta is in a state of development alongside the growth of the fetus. The development of the vasculature is influenced by the angiogenesis process. Endothelial migration is a highly dynamic process and small GTPase is known to be a major regulator of the migration of endothelial cells during angiogenesis (19). Active GTPase interacts with ELMO1 to regulate the actin cytoskeleton via the ELMO and DOCK pathways, which are involved in cellular migration (20)and the engulfment of apoptotic cells (21). Based on its temporal vascular expression, ELMO1 is essential for the formation and function of the various blood vessels in zebrafish development (22). Our vascular functional experiments using the drug SNP demonstrated that endothelium-dependent vasodilatation in placental micro-vessels was damaged in the PE group, consistent with a previous report (23), while bioinformatics analysis and RT-qPCR validation revealed that the ELMO1 transcript was significantly reduced in preeclamptic placental vessels. This association strongly indicates that altered ELMO1 expression in the placental vasculature may contribute to PE-mediated placental vascular disorders, which eventually induce hypertension in PE cases. However, further studies are essential to clarify the action pathways for ELMO1-mediated pathological processes in the placental vascular system in PE.

In addition to ELMO1, YWHAE is another hub DE gene found in placental micro-vessels in PE. The YWHAE protein family is comprised of at least seven highly conserved subtypes of soluble acidic proteins. It can be widely combined with other proteins, including membrane receptors, kinases, phosphatases, and transcription factors (24), acting as an interaction protein bridge in a wide range of physiological and biological processes, such as cellular apoptosis, proliferation, metabolic regulation, and signal transduction (25, 26). To the best of our knowledge, there is no information regarding YWHAE as a DE gene in blood vessels, especially in the placental vasculature. Thus, it is very interesting that YWHAE was found to be differentially expressed and confirmed in PE placental vessels in the present study. Notably, Ang-II and SNP affect the vascular system via transmembrane receptors and PKC pathways with the involvement of kinases or phosphatases (27). Our vascular tension experiments showed that although phenylephrine-mediated vessel tone was unchanged between the control and PE placentas, Ang-II-induced vasoconstrictions were significantly decreased in placental micro-vessels in the PE group, demonstrating that Ang-II-mediated vascular regulation in the placental vasculature was damaged, while YWHAE expression was also significantly inhibited in the same placental vascular tissues.

Similar to ELMO1 and YWHAE, IL6ST was also significantly downregulated in the PE placental vasculature in the present study. IL6ST, interleukin 6 cytokine family signal transducer, is an important member of a signaling axis with a prominent role in tumor growth, promoting cell survival, proliferation, migration, survival, and metastasis (28). Whether impaired expression of IL6ST in placental micro-vessels influences vascular cell biological processes and the observed vascular dysfunction in PE is worth further investigation. Moreover, all three DE genes (ELMO1, YWHAE, and IL6ST) have been demonstrated to be responsible for inflammatory signal reception (29–31) and anti-inflammatory responses in endothelial cells. Considering that one major pathological change in PE is placental inflammation (32), it appears that there is potential research value in further exploring these key DE genes and their functions in the human placental vasculature.

Finally, we should acknowledge the limitations of our study. We had to leave further in-depth and detailed studies, such as gene knockout and silence experiments to future investigations. These additional studies would be helpful to indicate a direct cause-result relationship, instead of an association connection, between the molecular and functional data in placental micro-vessels. In addition, because of budgetary and other reasons, including the fact that it is very difficult to obtain normal human non-placental vessels due to ethical concerns, non-placental vessel controls were not used in the present study. This study also focused on Asian women due to our limitations in obtaining non-Asian women’s samples; other ethnicities are also highly impacted by PE, but the target population of this study is only Asian women.

In conclusion, this study is the first to present a new expression profile of transcripts in human placental micro-vessels using high-throughput sequencing, revealing interesting DE gene phenotypes in preeclamptic placental vasculature. The finding of several hub genes that were reliably verified to have transcript alterations in the pure placental vessels, along with vascular functional changes, provide important data to further understand the pathological process in PE placentas, and offer great potential for further investigation of these molecular targets in the human placental vascular system.
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Background

The incidence of hyperuricemia is growing in the world, with a significant influence on the survival and healthy condition of the patient. The connection between serum residual cholesterol (RC) to high-density lipoprotein cholesterol (HDL-C) ratio and hyperuricemia is uncertain. Consequently, we tried to elucidate the connection between the hyperuricemia and RC/HDL-C ratio.





Methods

Based on the National Health and Nutrition Examination Survey (NHANES) database, data from 2005 to 2018 were utilized in this cross-sectional research. RC/HDL-C index was calculated by (TC - HDL-C - LDL-C)/HDL-C. Participants were diagnosed with hyperuricemia when the serum uric acid concentration reached 6 mg/dL in women and 7 mg/dL in men. Our researcher utilized smoothed curve fitting and multivariate logistic regression analysis to examine between RC/HDL-C and hyperuricemia among adults. The consistency of these results was examined in various population subgroups.





Results

2376 individuals (19.1%) were stratified into the hyperuricemia group. We observed statistically significant differences (P values < 0.05) in the hyperuricemia population for remaining variables, except for economic level and alcohol drinking. After correcting for potential confounders, our researchers discovered the strong positive connection between the RC/HDL-C and the possibility of incurring hyperuricemia. The incidence of RC/HDL-C elevated by 98% with each additional unit of the RC/HDL-C. Subgroup analyses showed correlations for the majority of subgroups remained stable. However, gender and several diseases may modify this association.





Conclusions

Higher RC/HDL-C is correlated with higher prevalence rate of developing hyperuricemia. However, further research is still required to confirm the causal association.
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1 Introduction

Hyperuricemia is a chronic metabolic disease caused by excessive uric acid production or insufficient excretion, which leads to an abnormal increase in the uric acid level in serum and is characterized by purine metabolism disorder (1). It is a worldwide issue related to public health, connected with a wide range of other conditions, affecting people of different ages, and has been trending towards a younger age group in recent years (2, 3). Several recent findings have revealed the prevalence of hyperuricemia appears to be on the rise worldwide. The incidence of hyperuricemia is about 20% in the United States (4). Hyperuricemia is often preceded by gouty attacks and gout stone formation, which greatly reduces people’s quality of life, although asymptomatic patients do exist (5). However, even in asymptomatic patients, hyperuricemia remains an independent risk factor for metabolic syndrome, hypertension, many chronic kidney diseases, and even death (6–9), which seriously jeopardizes people’s health. Uric acid represents the terminal metabolite of purine catabolism in humans, with approximately two-thirds derived from endogenous purine metabolism and the remaining one-third attributable to the ingestion of purine-rich dietary sources (10, 11). The absence of urate oxidase in humans precludes the further metabolic breakdown of uric acid into the more water-soluble allantoin, thereby elevating serum uric acid levels approximately five- to sixfold higher than those observed in other mammals (12). The renal system is the predominant route for uric acid excretion, accounting for approximately 70% of total clearance, while the remaining 30% is cleared through extra-renal mechanisms (13, 14). Within the kidneys, specific uric acid transporters, such as URAT1 (urate transporter 1) and GLUT9 (glucose transporter 9), are instrumental in mediating the reabsorption and secretion of uric acid, thereby regulating its overall renal handling (15).

Low-density lipoprotein cholesterol (LDL-C) is undoubtedly a critical component in the lipoprotein profile. However, with the popularity of statins, the focus of research has shifted to triglyceride-rich lipoproteins (TRL), which are the hallmark component of dyslipidemia and are not affected by statins (16, 17). Residual cholesterol (RC), which reflects the level of cholesterol in triglyceride-rich lipoproteins (TRLs), is an emerging nontraditional marker of lipids and consists of celiac remnants, intermediate-density lipoproteins (IDLs), and very-low-density lipoproteins (VLDLs) (18). Actually, RC is essentially a form of cholesterol, and studies have shown that elevated levels of cholesterol in triglyceride-rich lipoproteins (TRLs) pose a more direct and significant risk to the incidence of cardiovascular and metabolic diseases than traditional lipid markers such as LDL-C & TG (19–21). Although TG levels are often used as a clinical surrogate for TRLs or RC, increasing emphasis is being placed on RC in current lipid management practices (22). The metabolism of RC primarily involves the synthesis, transport, and catabolism of lipids, with its levels being influenced by multiple factors, including dietary fat intake, hepatic lipid synthesis, and lipoprotein metabolism (23). Elevated RC levels have been associated with increased cardiovascular risk, as these lipoproteins can penetrate the endothelium and contribute to atherosclerotic plaque formation (24).

There is a marked divergence in the metabolic pathways of residual cholesterol and uric acid. The metabolism of uric acid is predominantly centered around the purine metabolic pathway, with its production and excretion regulated by enzymes and transport proteins in the liver and kidneys (25). In contrast, the metabolism of residual cholesterol encompasses the synthesis, transport, and breakdown of lipoproteins, which are primarily governed by lipid metabolic pathways in the liver and small intestine (26). Despite their distinct metabolic pathways, both are closely associated with metabolic syndrome and cardiovascular diseases (27). The ratio of Residual Cholesterol to High-Density Lipoprotein Cholesterol (RC/HDL-C) is an important indicator of lipid metabolite interactions, reflecting the balance between atherogenic and anti-atherogenic lipoproteins (28). Thus, exploring the potential connections between the two holds significant clinical importance. In recent years, with the increasing research on proteomics, metabolomics and genomics, many molecular markers are emerging to provide important information for disease diagnosis, prognosis and therapeutic targets (29). However, limited research has been conducted on the correlation between increased RC/HDL-C and the likelihood of hyperuricemia, particularly in the broader US population. We conducted the following cross-sectional study using data related to the 2005-2018 National Health and Nutrition Examination Survey (NHANES) to prove the connection with RC/HDL-C and hyperuricemia.




2 Materials and methods



2.1 Data sources

The 2005-2018 NHANES datasets were the original information resource for the present analysis. The NHANES database provides a comprehensive range on each participant’s laboratory tests, disease information, human examinations, and population characteristics. The reliability of the data in this database stems from the fact that it is collected based on the nationwide representative sample in United States via a comprehensive investigation executed, the use of the most advanced and reliable techniques of information collection and organizational and statistical methods for data analysis. This data is subsequently subjected to additional analysis and utilized to study risk factors for a variety of diseases. A sophisticated multi-stage probabilistic approach was used in this study to ensure the representativeness and accuracy of the samples used. The qualification of human subjects in NHANES was approachable via the National Center for Health Statistics (NCHS) Ethics Review Board and each individual signed up an informed agreement.




2.2 Research population

The researchers selected 70190 participants from NHANES 2005-2018.The researchers requested that the dataset be a usable dataset containing information on hyperuricemia and relevant variables needed to calculate the RC/HDL-C. The researchers applied the exclusion criterion to the following groups to: participants aged <20 years, lack of socio-demographic data, confounders, and incomplete information on hyperuricemia, and participants with incomplete data required for RC/HDL-C calculations. A total of 11915 participants with comprehensive information participated in this cross-sectional investigation after exclusion of participants who met the above criteria (Figure 1).

[image: Flowchart displaying the selection process of participants from NHANES 2005-2018. Starting with 70,190 participants, those under 20 years old (30,441) are excluded. From the remaining 39,749, those with incomplete demographics data (3,777) are removed, leaving 35,888. Further exclusions due to missing data on various covariates (9,147) result in 26,741 participants. Finally, those with missing laboratory indicator data (14,826) are excluded, resulting in 11,915 participants.]
Figure 1 | Flowchart depicting participant selection in the study.




2.3 Definition of exposed variables

RC/HDL-C index (30) was regarded in the current investigation as an exposure variable, calculated by (TC - HDL-C - LDL-C)/HDL-C. Their unit is the mmol/L. On a Cobas 6000 biochemistry instrument, high-density lipoprotein cholesterol (HDL-C) values were assessed. We treated the RC/HDL-C index as the categorical variable and the continuous one for correlation studies with the intention of further investigate the connection between hyperuricemia and the RC/HDL-C.




2.4 Definition of the outcome variable

The researchers considered the prevalence of hyperuricemia as an outcome variable. According to the current studies (31), the diagnosis of hyperuricemia was diagnosed by uric acid levels. Participants were defined with hyperuricemia when serum uric acid concentration reached 7 mg/dL in men and 6 mg/dL in women. Experts examined the levels of serum uric acid using a Roche Cobas 6000 analyzer.




2.5 Covariates

Factors that may have an impact on the connection between hyperuricemia and the RC/HDL-C were regarded as covariates in this investigation. Covariates considered in this study included socio-demographic factors including age (≤40, 41-60, >60), educational level (high school graduate/GED or equivalent, college graduate or above, less than 12th grade), ethnicity (other Hispanic, other races, Mexican American), family poverty income ratio (PIR) (≤1.0, 1.1-4.0, >4.0), and marital condition (living alone, married and living with partner). The researchers also included health related factors, diabetes, physical activity, hypertension, hyperlipidemia, cardiovascular diseases (all described as yes/no). PIR is the measurement of socioeconomic position, defined as the ratio of income to the United States Census Bureau’s poverty level for a family. Individuals are classified as present smokers, never smokers, and former smokers based on “Do you personally use cigarette or tobacco?” and “Smoked more than 100 cigarettes in your lifetime”. Based on “Drink at least twelve times in a lifetime or a year”, the definition of a drinker includes current, never, and former drinkers. According to questionnaire information, self-reported disease was also considered, including diabetes. Cardiovascular disease, hypertension, and hyperlipidemia were diagnosed on the basis of self-reported history of specific diseases. The description of cardiovascular disease includes heart attack, stroke, congestive heart failure, angina, and coronary heart disease. The specialized medical technicians take careful measurements of an individual’s weighted and standing height in Mobile Examination Center. Laboratory data include liver enzymes, lipids, lactate dehydrogenase, and creatinine.




2.6 Statistical methods

Continuous and categorical variables were used to characterize participants at baseline. Continuous ones are described in terms of mean ± standard deviation and categorical variables are described by numbers and percentages. Weighted t-tests and chi-square tests were conducted for comparisons of baseline characteristics among these participants. By assessing the corrected OR and 95% CI, the study conducted the weighted logistic regression model, to investigate the connection between RC/HDL-C and hyperuricemia. Three models were used by us with varying degrees of modification for covariates (Model 1, unadjusted for covariates; Model 2, modified for gender, education, ethnicity, marital status, PIR, and age; and Model 3, with adjustments for gender, marital status, education, PIR, physical activity, age, alcohol consumption, ethnicity, smoking status, hypertension, cardiovascular disease, hyperlipidemia, diabetes, and laboratory test indicators). In all three models, continuous variable RC/HDL-C was used by our researchers. In addition, the dose-response association between the RC/HDL-C index and the prevalence of the hyperuricemia was evaluated by utilizing the restricted cubic spline (RCS). The multiple logistic regression models included the continuous and categorical models. The RC/HDL-C was divided into quartiles, and then the linear trends were conducted via considering the median value of every subgroup as the continuous variable. In addition, our researchers conducted the subgroup analyses by general information, disease condition, alcohol consumption, smoking status, physical activity, and interaction analyses were performed to examine whether there were different associations between subgroups. All statistical analyses in this investigation were conducting by utilizing R 4.3.3 and SPSS 26.0. The bilateral P value of less than 0.05 was recognized to be statistically significant.





3 Result



3.1 Baseline characteristics of participants

The study recruited 70190 individuals from NHANES 2005-2018. The flowchart for the exclusion and inclusion of individuals is revealed in Figure 1. Participants with incomplete information on age <20 years, socio-demographic data, and covariates were excluded, and the remaining 26741 participants were retained. In addition, after excluding participants who had incomplete data required for RC/HDL-C calculations and hyperuricemia, the remaining 11915 participants were considered in our investigation. The characteristics of participants involved in this investigation at baseline were presented in Table 1. 2376 individuals (19.1%) were stratified into the hyperuricemia group. We observed statistically significant differences (P values < 0.05) in the hyperuricemia population for remaining variables, except for economic level and alcohol drinking.

Table 1 | Baseline characteristics of participants based on hyperuricemia.


[image: Table comparing characteristics of participants with and without hyperuricemia. Shows total number, gender, age, race, education, marital status, poverty index ratio, smoking, drinking, diabetes, hypertension, hypercholesterolemia, cardiovascular disease, recreational activities, and various biomarkers. P-values indicate statistical significance, with values below 0.05 highlighted.]



3.2 Association between RC/HDL-C and hyperuricemia

This crude mode showed that the prevalence of developing hyperuricemia raised by 1.55 times (OR 2.55, 95% CI 2.30-2.83, P < 0.001) for each unit increase in RC/HDL-C. Model 2 adjusted for socio-demographic factors (marital status, poverty rate, race, age, and education level) and showed a 1.71 (OR 2.71, 95%CI 2.43-3.02, P < 0.001) addition in occurrence of hyperuricemia. Model 3 further controlled for disease status, with every unit addition of the RC/HDL-C significantly increasing the prevalence of hyperuricemia by 98.0% (OR 1.98 95% CI 1.76-2.24, P < 0.001).

As shown in Table 2, every added unit of the RC/HDL-C was also categorized by quartile and compared to the first quartile as the reference. In the crude model, compared with the lowest Q1, the highest Q4 of the RC/HDL-C had a 2.82-fold prevalence of hyperuricemia (OR 3.82, 95% CI 3.31-4.40). In Model 2, after an adaptation for socio-demographic considerations, the risk of disease was raised by a factor of 3.10-fold (OR 4.10, 95% CI 3.54-4.74) compared with Q1. In Model 3, the incidence was increased 1.83-fold, after the totally adjustment (OR 2.83, 95% CI 2.40-3.32). In all three models, a remarkable dose-response trend was presented with the addition in the RC/HDL-C index (P for trend < 0.01). The RCS curve constructed the measured response association between RC/HDL-C and hyperuricemia in Figure 2.

Table 2 | Weighted regression models and trend tests elucidating the association between RC/HDL-C and prevalence of hyperuricemia.


[image: Table showing the odds ratios (OR) with 95% confidence intervals (CI) for hyperuricemia related to RC/HDL-C across three models. Continuous data show ORs for Model 1: 2.55 (2.30-2.83), Model 2: 2.71 (2.43-3.02), Model 3: 1.98 (1.76-2.24), all with P values <0.001. Quantile data for Q1 to Q4 are also displayed, showing increasing ORs from Q1 to Q4 across all models, with P values <0.001. Models are adjusted based on various factors like gender, age, and more.]
[image: Three graphs labeled A, B, and C display the relationship between RC/HDL-C and odds ratios with 95 percent confidence intervals. Each graph shows a red line representing the odds ratio trend, with a shaded area indicating variance. All graphs have similar trends, starting below an odds ratio of 1, rising above it, and leveling off. The P-values for overall and nonlinear trends are less than 0.001 in each graph.]
Figure 2 | Analysis of the Measured Response Relationship Between RC/HDL-C and hyperuricemia. (A) Model 1 was adjusted for none. (B) Model 2 was adjusted for age, gender, race, education level, marital status and PIR. (C) Model 3 was adjusted for age, race, gender, education level, marital status, PIR, physical activity, smoking status, alcohol use, disease, and Laboratory test indicators. The solid red line indicates the OR and the red shaded area indicates the 95% CI.




3.3 Subgroup analysis

Analyzed by weighted logistic regression, the relationship between hyperuricemia and RC/HDL-C exposure for each stratified indicator are reported in Table 3, Supplementary Table 1. For each unit addition in RC/HDL-C, the prevalence of hyperuricemia aggrandized by 1.78-fold in female participants (OR 2.78, 95% CI 2.24-3.45). However, for male participants, the prevalence of hyperuricemia increased by 65%, with the increase of the per unit of RC/HDL-C. In terms of education levels, participants those graduated from college or above had a 2.22-fold risk of incidence of hyperuricemia (OR 2.22, 95% CI 1.88 – 2.62). Other high school graduate/GED or equivalent (OR 1.91, 95% CI 1.49 - 2.45) and less than 12th grade (OR 1.63, 95% CI 1.29 – 2.06) also had higher odds. The results of the stratified analysis were reliably stable between remaining socio-demographic groups. The highest risks were observed among participants aged 61-80 years (OR 2.01, 95% CI 1.64 – 2.47), those of other races (OR 2.13,95% CI 1.86 – 2.43), individuals living alone (OR 2.04, 95% CI 1.67 – 2.50), and those with a PIR ≤1.0 (OR 2.14, 95% CI 1.65 – 2.77). Regarding smoking and alcohol consumption, the risk was 2.10-fold for participants who had currently smoked (OR 2.09, 95% CI 1.64 - 2.66) and 2.05-fold for participants who currently consumed alcohol (OR 2.05, 95% CI 1.79 - 2.36). However, we observed remarkable exchanges in the diabetes and hypertension. The tiered analysis of disease status showed 2.22-fold higher addition for participants without hypertension (OR 2.22, 95% CI 1.86-2.66) and 76% elevated risk for individuals with hypertension (OR 1.76, 95% CI 1.50 - 2.06). A favorable association between the RC/HDL-C and hyperuricemia was demonstrated in participants with pre-diabetes (OR 3.03, 95% CI 1.53 - 5.98). However, the statistical relationship between RC/HDL-C and hyperuricemia remained stable among participants who self-reported CVD and hyperlipoidemia.

Table 3 | Subgroup analysis of the association between RC/HDL-C and hyperuricemia.


[image: Table displaying odds ratios (OR) with 95% confidence intervals (CI) for various subgroups and conditions. Subgroups include Gender, Education level, Hypertension, and Diabetes. For Gender, females have a higher OR of 2.78 compared to males at 1.65. Education levels range from less than 12th grade to college graduate or above, with increasing ORs. Hypertension and Diabetes categories show significant ORs, with pre-diabetes having the highest OR of 3.03. Each subgroup and condition includes a p-value, all under 0.001, indicating statistical significance.]




4 Discussion

Our investigation primarily examined the association between the prevalence of hyperuricemia and RC/HDL-C index and using the NHANES database. The research involved in a sample size of 11915 individuals. Weighted multifactorial logistic regression analysis revealed, after all covariates with control, the positive and statistically significant association observed between RC/HDL-C and hyperuricemia. Besides, RCS curves revealed a non-linear positive correlation between hyperuricemia and RC/HDL-C. In addition, the incidence of hyperuricemia progressively elevated with rising quartiles of RC/HDL-C. The statistical association between RC/HDL-C and hyperuricemia remained stable among participants who self-reported CVD and hyperlipidemia. To be emphasized, subgroup analyses revealed that the relevance between RC/HDL-C and hyperuricemia might be altered because of gender, educational levels, hypertension and diabetes.

In the adult population, a growing body of research suggests that hyperuricemia is a frequent condition. Hyperuricemia has a significant influence on the quality of survival and healthy condition of the patient, as well as a remarkable influence on the psychological well-being of individuals. The positive correlation of RC/HDL on the occurrence of hyperuricemia varies in certain subgroups, firstly, at the gender level, there are differences in lifestyle between males and females, where males have a tendency to be regular smokers and drinkers of alcohol, habits that have a negative impact on lipid levels. In addition to this, estrogen may increase HDL-C levels, while androgens may decrease HDL-C levels (32). Secondly, differences in education levels may affect an individual’s lipid levels, and thus the prevalence of hyperuricemia, through a number of pathways. In general, well-educated individuals may have a better understanding of health, including awareness of hyperuricemia and dyslipidemia. They may be more aware of how to manage these health problems through diet, exercise, and other lifestyle changes (33). Education level is often correlated with economic income, which may affect an individual’s ability to access healthy foods and healthcare resources. Individuals with higher educational attainment typically possess greater financial capacity to procure nutritious foods and secure routine health checkups. Moreover, hypertension and diabetes are commonly associated with metabolic syndrome, which can precipitate dyslipidemia, including alterations in HDL-C levels. Dyslipidemia itself can induce vascular wall damage, subsequently leading to elevated blood pressure (34, 35). Collectively, these conditions can contribute to an unstable prevalence RC/HDL-C) relative to hyperuricemia.

However, the pathophysiological mechanisms of hyperuricemia have not yet been fully elaborated. Although the prevalence of hyperuricemia in the U.S. population has remained stable over the last decade, the overall incidence and public health impact of the condition remains quite significant given the rising population size (36), which may indirectly reflect trends in the development of hyperuricemia in other countries around the globe. This exacerbates the strain on healthcare systems and increases the direct and indirect healthcare costs associated with the condition. In addition, hyperuricemia is connected to varieties of chronic diseases including cardiovascular and kidney disease, further increasing the urgency for public health interventions. Elevated RC/HDL-C, a crucial indicator of lipid metabolite interactions, has been associated with the prevalence of hyperuricemia, and this relationship may involve multiple mechanisms. First, studies have shown that dyslipidemia may lead to elevated blood uric acid levels, which increase with increasing TG levels and decreasing HDL levels (37). In the obese state, purine catabolism is enhanced in the body due to increased adipose tissue, leading to increased uric acid production, as has been demonstrated in mouse model studies (38). And the Western dietary pattern is characterized by its composition of high fats and carbohydrates, which may lead to an increased inflammatory response in the body and elevation of various lipid metabolites (39, 40). Based on the analysis of large-scale population statistics, dietary inflammation holds a pivotal position for serum uric acid levels and significantly influences the progression of health status in hyperuricemia (41). Secondly, oxidative stress in adipose tissue is the principally etiological factor for metabolic syndrome and obesity-related inflammation (42, 43). In the pathogenesis of metabolic disorders, for instance, hypertriglyceridemia and nonalcoholic fatty liver disease, hepatic fatty acid oxidation may induce hypoxia-inducible factor-1α (HIF-1α), which in turn transcriptionally activates xanthine dehydrogenase (XDH) and cytoplasmic-5´-nucleotidase-II (NT5C2) in the uric acid synthesis pathway and promotes hepatic uric acid synthesis (43, 44). In addition, the kidneys perform a crucial function in sustaining the homeostasis of uric acid in the body and are responsible for the majority of uric acid excretion, with approximately 70% of uric acid excreted in urine throughout the kidneys (45). Abnormal lipid profile can lead to renal pathology, cholesterol can be ectopically deposited in the kidney, and the presence of cholesterol accumulation in the podocytes without effective intervention will induce oxidative stress, skeletal disorders, and mitochondrial function abnormalities in the podocytes, which will directly activate autophagy of the podocytes, cause the apoptosis of podocyte, and accelerate the damage of glomerular filtration barrier (46). Moreover, dyslipidemia increases the disease susceptibility of coronary heart disease and accelerates the onset of atherosclerosis, as well as being a potential hazard to the kidneys. Elevated lipids can damage the kidneys, leading to enlarged glomeruli, changes in renal tissue, and even glomerulosclerosis, which ultimately affects the excretion of uric acid and accelerates the progression of hyperuricemia under the combined effect of several mechanisms (47). Currently, substantial research has confirmed that when cholesterol levels in triglyceride-rich lipoproteins (TRLs) are elevated, the effect on the development of cardiovascular and other diseases has a more pronounced and direct correlation (48).

According to studies in recent years, the current rate of obesity in the global population continues to rise, affecting people’s physical and mental health in various ways. The universal prevalence of hyperuricemia also keeps escalating year by year, and lipid metabolism is closely associated with hyperuricemia problems. Our investigation confirms a novel demonstration of a remarkable association between the occurrence of hyperuricemia and RC/HDL-C, which has significant implications for the future diagnosis as well as treatment of hyperuricemia. The present study has some strengths, based on the NHANES database, the investigation is the primarily cross-sectional investigation to research the correlation between RC/HDL-C and hyperuricemia. At the same time, our study is representative because it contains basic data from a large number of US respondents. However, it is worth noting that we still have some limitations, firstly some of the disease information in the NHANES database was obtained through self-reporting by the respondents, including disease information. And the self-reporting deviation could lead to imprecise messages, which may affect the accuracy of the results. Second, this investigation could not establish the direct sequential association between hyperuricemia and RC/HDL-C, but only inferred a correlation, due to the cross-sectional study. In conclusion, this study suggests that there is the significantly positive relationship between the hazard of hyperuricemia and the RC/HDL-C.




5 Conclusions

The research revealed the positively remarkable relationship between hyperuricemia and RC/HDL-C in the American population. Higher RC/HDL-C is associated with higher prevalence of hyperuricemia. The founding suggests that lipid metabolism might be an influenced factor for hyperuricemia. The clinical importance of our research is that assessing RC/HDL-C may help identify those at higher prevalence for hyperuricemia. Incorporation of the RC/HDL-C into common clinical assessment could contribute to inchoate detection of hyperuricemia and direct personalized care strategies.
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Background: Vitamin D is essential for calcium–phosphorus homeostasis, skeletal mineralization, and cardiovascular health. Its deficiency is associated with increased risk of metabolic syndrome and cardiovascular diseases. In this study, we aimed to investigate the relationship between vitamin D deficiency and cardiovascular metabolic syndrome while identifying underlying mechanisms.Methodology: Forty-eight Wistar albino rats were divided into four groups: control, vitamin D deficient (VD-), metabolic syndrome (MetS), and combined vitamin D deficient with metabolic syndrome (VD- + MetS). VD- and VD- + MetS rats were fed a vitamin D-deficient diet with increased calcium and phosphate to prevent secondary hyperparathyroidism and to determine the direct effects of vitamin D. Metabolic syndrome was induced via 10% fructose in drinking water for 8 weeks. Evaluations included metabolic syndrome markers (hypertension, diabetes, dyslipidemia, and obesity), myocardial injury indicators (lactate dehydrogenase [LDH] and creatine kinase-MB [CK-MB]), and oxidative stress/inflammation markers (malondialdehyde [MDA] and nitric oxide [NO]). Vascular reactivity in thoracic aorta tissues, heart weight, and histopathological changes were also assessed.Result: The results revealed that vitamin D deficiency was strongly related to each component of metabolic syndrome. Combined vitamin D deficiency and metabolic syndrome induced a highly significant increase in CK-MB, LDH, NO, and MDA levels (p < 0.05). However, there was no significant difference in CK-MB and NO levels for the (VD-) group compared to the control (p > 0.05). Heart weight was significantly increased, and a histological examination of the heart showed increased left ventricular and aortic wall thickness in the combined group (p < 0.05). Vascular response to phenylephrine was significantly increased, whereas the vascular response to acetylcholine was significantly decreased in all experimental groups (VD-, MetS, and VD- + MetS) compared to control (p < 0.05).Conclusion: The present study demonstrates that vitamin D deficiency is considered one of the major risky and predisposing factors for cardiovascular metabolic syndrome, which could affect the outcome of the disease, partly by affecting endothelial function, vascular oxidative stress, and inflammation.Keywords: cardiovascular complications, metabolic syndrome, oxidative stress, vascular function, vitamin D deficiency
1 INTRODUCTION
Vitamin D is essential for several critical physiological processes of the body, including facilitating the intestinal absorption and renal reabsorption of calcium, maintenance of calcium–phosphorus homeostasis, regulating the parathyroid hormone (PTH), and mediating skeletal mineralization and bone formation (Kulie et al., 2009; Mandarino et al., 2015). The biologically active form of vitamin D, that is, calcitriol (1,25-dihydroxycholecalciferol), serves as a key regulator of calcium and phosphorus balance, acting as a potent ligand for the vitamin D receptor (VDR), which mediates many of its physiological functions (Wang, 2013). VDRs are widely distributed across various tissues, including the vascular smooth muscle, myocardium, and endothelium, underscoring the importance of vitamin D in cardiovascular health (2–4). It modulates the immune system by enhancing antimicrobial peptides and regulating T-cell responses, thus reducing the risk of infections and autoimmune diseases (Prietl et al., 2013). Vitamin D also has anti-inflammatory effects, lowering pro-inflammatory cytokines and benefiting chronic conditions such as cardiovascular disease (Guillot et al., 2010). Additionally, it regulates insulin secretion and sensitivity, impacting diabetes (Norman et al., 1989). Vitamin D’s neuroprotective role is evident through its association with reduced cognitive decline (Annweiler et al., 2013), making it crucial for overall health.
Vitamin D improves endothelial function by enhancing nitric oxide (NO) synthesis, reducing oxidative stress, and preventing endothelial dysfunction, which is crucial in atherosclerosis and hypertension (Kienreich et al., 2013). Additionally, vitamin D inhibits the renin–angiotensin–aldosterone system (RAAS), reducing arterial stiffness and hypertension (Al Mheid et al., 2013). It also prevents vascular calcification and myocardial hypertrophy by downregulating pro-inflammatory cytokines such as TNF-α (Lee et al., 2008). Vitamin D deficiency is linked to left ventricular dysfunction and heart failure, highlighting its importance in maintaining cardiac function (Pilz et al., 2011). Recent studies further elucidate the pivotal role of vitamin D in cardiovascular diseases, showing its influence on endothelial function, vascular inflammation, and cardiomyocyte health (Islam et al., 2024). Vitamin D deficiency is strongly associated with cardiometabolic disorders, namely, insulin resistance, dyslipidemia, and inflammation. Vitamin D modulates insulin secretion by binding to VDRs in pancreatic beta cells, improving glucose metabolism and reducing insulin resistance (Pittas et al., 2007). It also affects the lipid metabolism by reducing triglycerides and improving HDL cholesterol levels (Vacek et al., 2012). Moreover, vitamin D downregulates inflammatory markers such as C-reactive protein (CRP) and TNF-α, reducing systemic inflammation linked to metabolic syndrome (Deleskog et al., 2012).
The prevalence of vitamin D deficiency has become a growing public health concern worldwide, particularly in regions such as Saudi Arabia, where traditional clothing, limited sun exposure, and insufficient dietary intake contribute to widespread deficiency (Ardawi et al., 2012). Vitamin D insufficiency in the United States showed an increased prevalence of up to 90% of the black, Asian, and Hispanic populations and three-quarters of the Caucasian population in the last 10 years (Mandarino et al., 2015). A severe deficient level of vitamin D (≤10 ng/ml) is found in most of the Asian and Middle East populations (Alsuwaida et al., 2013) and even in Saudi Arabia. A study that was carried out in Riyadh, seeking the prevalence of vitamin D deficiency among 488 healthy adults, has shown that 29% of the subjects were vitamin D deficient, whereas 22.7% were relatively insufficient (Ardawi et al., 2012). Another cross-sectional study that was carried out on 834 randomly selected Saudi men aged between 20–74 years living in Jeddah had revealed that the prevalence of vitamin D deficiency was 87.8% among Saudi men (Kato, 2000).
Several studies showed that there was a strong association between vitamin D deficiency and cardiometabolic risk and other disorders such as hypertension, atherosclerosis, dyslipidemia, diabetes, and obesity (Hlyan et al., 2024; Levin and Li, 2005; Mandarino et al., 2015; Mithal et al., 2009). Despite growing evidence, the precise mechanisms remain unclear, especially in specific populations such as those in Saudi Arabia, where the lifestyle and environmental factors play a significant role. Therefore, the present study was directed to study the link between vitamin D deficiency and the development of cardiovascular metabolic syndrome, and further clarify the underlying mechanisms. The aims of this study was to address this research gap by investigating the effects of vitamin D deficiency on cardiometabolic syndrome. Moreover, the deleterious effect of combined vitamin D deficiency and metabolic syndrome was studied. Furthermore, the mechanisms underlying this effect were also investigated.
2 MATERIALS AND METHODS
2.1 Experimental design
A total of 48 adult male Wistar albino rats, weighing between 140 and 220 g, were procured from the King Fahad Research Center at King Abdulaziz University, Jeddah, Saudi Arabia. The rats were housed individually in standard cages under controlled environmental conditions with a 12-h light–dark cycle. They were acclimatized for 1 week prior to the experimental procedures and had ad libitum access to food and water. The study adhered to the ethical guidelines of the King Fahad Research Center, with prior approval from the Institutional Ethical Committee (Reference No. 148–19).
The rats were divided into four distinct groups (12/each group) based on their dietary and treatment regimens. The control group (C) received a regular diet and water ad libitum. The vitamin D-deficient group (VD-) was fed a vitamin D-deficient diet (Harlan Teklad Custom Diet TD.87095) from the start of the study. Additionally, these rats were administered intraperitoneal injections of paricalcitol (32 ng) on days 1, 3, 5, 8, 10, and 12 to induce vitamin D deficiency by enhancing the catabolism of endogenous vitamin D metabolites. The metabolic syndrome group (MetS) was fed a regular diet supplemented with 10% fructose in their drinking water for 8 weeks to induce metabolic syndrome. Finally, the combined group (VD- + MetS) was subjected to both vitamin D deficiency and metabolic syndrome by following the same protocols as the VD- and MetS groups, respectively, maintaining the vitamin D deficiency diet and 10% fructose water for 8 weeks. The diets of the vitamin D-deficient groups (VD- and VD- + MetS) included increased calcium and phosphate levels to prevent secondary hyperparathyroidism.
Two types of diets were followed: one was the vitamin D-deficient diet, that is, Harlan Teklad Custom Diet (TD 87095), from Envigo®, USA. This diet, which is deficient in vitamin D, contained 20% lactose, 15% corn starch, 17.6% protein, 5% fat, 2% calcium, and 1.25% phosphate. The other was the regular diet, which was obtained from the Grain Silos & Flour Mills Organization, KSA. This diet contained 20% protein, 4% fat, 1% calcium, 0.6% phosphate, and 2.20 IU/g vitamin D.
Body weights were recorded at baseline and after 8 weeks using a calibrated electronic scale. The weight gain percentage was calculated as the difference between the final and initial weights.
2.2 Blood sample collection
Blood samples were collected under light ether anesthesia from the retro-orbital venous plexus using capillary tubes and stored in 5 ml tubes. The samples were centrifuged at 4,500 rpm for 15 min. Blood collection occurred at baseline, week 3 (to confirm vitamin D deficiency), and at the end of the 8-week period. Biochemical assessments for metabolic syndrome indicators such as hypertension, diabetes mellitus, dyslipidemia, and obesity were performed. Additional assays included lactate dehydrogenase (LDH), serum malondialdehyde (MDA) for oxidative stress, and NO for inflammation.
2.3 Cardiovascular markers
Serum lactate dehydrogenase (LDH) and creatine kinase MB (CK-MB) levels were measured at baseline and after 8 weeks. LDH activity was assessed using the Dimension Vista® SIEMENS system by monitoring NADH formation at 340 nm. CK-MB levels were determined with the HUMAN® kit, measuring enzymatic activity and reporting results in U/L. Serum MDA levels were determined using the TBARS assay kit from Abcam®, with levels expressed in nmol/mL. NO was measured using the Abcam® assay, reflecting total nitrate and nitrite levels, which were expressed in µM/L.
2.4 Aortic vascular reactivity
The tissue bath system was preheated to 37°C and connected to a 95% oxygen and 5% carbon dioxide atmosphere. The Krebs–Henseleit buffer was aerated and maintained at optimal conditions. Aortic rings were dissected, cleaned of perivascular adipose tissue and blood clots, and sectioned into 3–5 mm rings. Each ring was suspended in the tissue bath, equilibrated at 8 mN resting tension, and exposed to incremental tension to assess vascular reactivity.
2.5 Assessment of cardiac hypertrophy
2.5.1 Heart weight measurement
Rats were weighed and then killed by cervical dislocation. The chest cavity was then rapidly opened to remove the heart for blotting dry for weighing. The heart weight was calculated relative to the body weight at the time when the organ was removed and expressed in (mg/g). This was performed using a sensitive weighing instrument.
2.5.2 Histopathological examination
The animals were anesthetized with ether and then killed by cervical dislocation. The chest was opened, and intra-thoracic organs were rinsed by saline followed by phosphate buffer to wash blood. Heart and thoracic aorta were dissected out.
Aorta was cut at the end of the aortic arch; spread on card paper; cut into proximal, middle, and distal parts; fixed in 10% neutral buffered formalin; and processed using an automatic paraffin processing machine (dehydration by ascending grades of alcohol, xylene, paraffin wax, and blocking). Then, 5-micron sections from each part was stained by hematoxylin and eosin stain (H&E) for the general structure and morphometric study. Masson trichrome stain was used for collagen according to Bancroft and Layton (2018).
For the heart histological examination, cross-sections were taken 1 cm from the apex and processed similarly to the aorta. Slides were photographed using an Olympus Microscope BX-51 at a magnification of (×4), which is high resolution that ensured better observation of the specimen with a digital camera connected to a computer (Pandurić et al., 2012).
2.5.3 Morphometric study
The intima media thickness was measured in all graphs in three different parts of the aorta and performed on photographs taken with a 10, 40 objective lens and a 10-ocular lens (Olympus digital camera) using special software (Pro Plus image analysis software version 6.0.). Six fields of three sections from each animal were used for this step. Photographs for the cardiac walls were analyzed for any left ventricular thickness using the same software (Pandurić et al., 2012).
2.6 Statistical analysis
Biochemical parameters, blood pressure, histopathological screening, vascular reactivity, heart weight, body weight increase %, BMI< adiposity index, abdominal fat weight, and AC were analyzed. All biochemical results were presented as mean ± SD. The mean change in biochemical measures in the experimental group from 0 to 3 and 8 weeks was assessed using a paired t-test. One-way ANOVA followed by Tukey HSD post hoc test was used to compare the groups using GraphPad Prism and Excel 2016. The p-value <0.05 was considered statistically significant.
3 RESULTS
3.1 Assessment of cardiovascular biomarkers
Figure 1A shows a significant increase in the CK-MB level for the metabolic syndrome (MetS) group (p < 0.001) and the combined (VD- + MetS) group (p < 0.001) compared to the control, whereas the vitamin D-deficient (VD-) group showed nonsignificant increase (p > 0.05) compared to the control. Furthermore, a significant (p < 0.0001) increase in the LDH level was seen with all test groups (VD-, MetS, and (VD- + MetS) compared to the control group. Interestingly, the vitamin D-deficient (VD-) group showed a significant increase in the LDH level (p < 0.001) compared to the metabolic syndrome (MetS) group (Figure 1B).
[image: Bar graphs labeled A and B compare enzyme levels among different animal groups. Graph A shows CK-MB levels, with the highest in the "VD with MetS" group. Graph B shows lactate dehydrogenase LDH levels, with the "VD" group having the highest values. Error bars indicate variability; significance levels are noted with asterisks and hash signs.]FIGURE 1 | Assessment of cardiovascular markers levels for control, VD-, MetS, and (VD- + MetS) groups after 8 weeks (n = 12 rat/group). (A) Mean ± S.E of serum creatine kinase MB level. (B) Mean ± S.E of serum lactate dehydrogenase level. VD-: vitamin D-deficient group, MetS: metabolic syndrome group, and (VD- + MetS): combined group (vitamin D-deficient and metabolic syndrome). *** significant (p < 0.0001) vs control group. ## significant (p < 0.001) vs. MetS group.
3.2 Assessment of oxidative stress
3.2.1 Malondialdehyde (MDA) serum level
It is obvious from Figure 2A that the MDA level was significantly increased in the vitamin D-deficient (VD-) group (p < 0.001), metabolic syndrome (MetS) group (p < 0.0001), and combined (VD- + MetS) group (p < 0.001) compared to the control group. In addition, the vitamin D-deficient (VD-) and the combined (VD- + MetS) groups produced a significant increase in the MDA level (p < 0.01) compared to the metabolic syndrome (MetS) group.
[image: Two bar graphs showing biological measurements in different animal groups. Graph A measures lipid peroxidation (MDA) with bars for Control, VD-, MetS, and VD-with MetS, showing increases except for MetS. Graph B measures NO levels, showing higher values in VD-with MetS, followed by MetS and others.annotations like **, #, and $ indicate statistical significance.]FIGURE 2 | Serum malondialdehyde level (A) and nitric oxide level (B) for control, VD-, MetS, and (VD- + MetS) groups after 8 weeks (n = 12 rat/group). Mean ± SD. VD-: vitamin D-deficient group, MetS: metabolic syndrome group, and (VD- + MetS): combined group (vitamin D-deficient and metabolic syndrome). *significant (p < 0.05) vs control group, # significant (p < 0.05) vs MetS group, $ significant (p < 0.05) vs. VD- group.
3.2.2 Nitric oxide (NO) level
Figure 2B showed a significant increase in the NO level in the combined (VD- + MetS) group (p < 0.05) and the metabolic syndrome (MetS) group (p < 0.05) compared to the control group. A nonsignificant (p > 0.05) increase was observed with the vitamin D-deficient (VD-) group compared to the control group.
3.3 Effect on vascular reactivity
3.3.1 Response to vasopressors
As seen from Figure 3A, adding phenylephrine PE (10-8- 10–5 M) to the organ bath produced concentration-dependent contraction of the aorta in all groups. The vitamin D-deficient (VD-), metabolic syndrome (MetS), and combined (VD- + MetS) groups showed a significantly large increase in aortic responsiveness to PE (p < 0.0001). Figure 3B showed that adding cumulative concentrations of acetylcholine Ach (10-8–10–5 M) to the organ bath resulted in concentration-related decreases in the aortic ring tension pre-contracted with Ach. All test groups resulted in a significant decrease in aortic responsiveness to Ach in the following order: vitamin D deficiency (VD-) group (p < 0.01), metabolic syndrome (MetS) group (p < 0.0001), and combined (VD- + MetS) group (p < 0.0001).
[image: Graph A shows the effect on aortic contraction with tension increasing as PE Log M decreases. Four lines represent VD- with MetS, MetS, VD-, and Control, with VD- showing the highest tension. Graph B illustrates the effect on aortic relaxation with relaxation percentage decreasing as ACh Log M decreases. Again, four lines represent the same groups, with VD- displaying the least relaxation. Error bars indicate variability.]FIGURE 3 | Effect of vitamin D deficiency and/or metabolic syndrome on isolated aorta responsiveness to (A) phenylephrine (PE) and (B) acetylcholine (Ach) after 8 weeks (n = 12 rat/group).
3.4 Effect on heart morphology and histology
3.4.1 Heart weight measurement
Heart weight relative to body weight was significantly increased in the vitamin D-deficient (VD-), metabolic syndrome (MetS), and combined (VD- + MetS) groups compared to the control (p < 0.05). However, no significant difference was observed between the VD- and MetS groups or between the combined (VD- + MetS) group and either the VD- or MetS groups (p > 0.05) (Table 1).
TABLE 1 | Mean value of the heart weight relative to the body weight after 8 weeks.
[image: Table showing heart weight relative to body weight (mg/g) across four groups: Control (3.4 ± 0.1), Vitamin D deficient (4.4 ± 0.2), Metabolic syndrome (4.0 ± 0.2), and Combined (4.2 ± 0.12). Number of rats per group is twelve. Significant differences denoted by a superscript 'a' indicate p < 0.05 versus the control group. Values are expressed as means ± S.E.]3.4.2 Morphometric study of the heart (left ventricle thickness)
Figure 4 displays histological sections of the left ventricular wall, stained with hematoxylin and eosin (H&E), across the control, vitamin D-deficient (VD-), metabolic syndrome (MetS), and combined (VD- + MetS) groups. The cross-sectional images vividly demonstrate the progressive thickening of the left ventricular wall, with clear variations in structural organization among the groups. In the control group, the left ventricular wall maintains normal thickness, with well-organized muscle fibers, indicating normal cardiac function. In the vitamin D-deficient (VD-) group, notable thickening and mild disorganization of fibers suggest early hypertrophy due to impaired calcium regulation and oxidative stress. The metabolic syndrome (MetS) group shows moderate thickening, with focal degeneration of muscle fibers, reflecting early myocardial damage from cardiometabolic disturbances. The combined VD- + MetS group exhibits the most significant thickening, with severe hypertrophy, disorganization, and atrophy, highlighting the synergistic effect of vitamin D deficiency and metabolic syndrome on cardiac remodeling and dysfunction.
[image: Four microscopic images of heart cross-sections are shown, labeled "CONTROL," "VD," "MetS," and "combined (VD + MetS)." Each section highlights the left ventricle (LV) and right ventricle (RV) with annotations. The images capture structural differences in heart tissue across the conditions. Magnification is noted as 40 micrometers.]FIGURE 4 | Cross-sections in cardiac wall stained by H&E showing relative thickness of the left ventricular wall for control, VD-, MetS, and combined (VD- + MetS) groups.
Figure 5 provides magnified views (200× & 400×) of the left ventricular tissue, focusing on the coronary artery wall thickness and the organization of the surrounding cardiac muscle fibers in the control, VD-, MetS, and combined VD- + MetS groups. This figure highlights how both the coronary artery and myocardial fibers are affected by the experimental conditions. In the control group, the coronary artery wall maintains normal thickness, with organized elastic fibers, smooth muscle cells, and healthy cardiac muscle. The MetS group shows mild thickening and focal irregularity of the artery wall, with early cardiac muscle degeneration due to metabolic disturbances. In the vitamin D-deficient group, the artery wall is markedly thicker, with vascular congestion and disorganized muscle fibers, indicating oxidative stress and impaired function. The combined VD- + MetS group exhibits severe artery wall thickening, vascular congestion, and extensive cardiac muscle atrophy, reflecting the compounded impact of both conditions on coronary blood flow and heart structure.
[image: Microscopic images showing tissue sections at two different magnifications, X200 and X400. Various features such as black stars and arrows indicate specific structures or areas of interest within the tissue. The tissue appears stained in shades of pink and purple.]FIGURE 5 | Magnified powers (×200 and ×400) of parts of rat heart left ventricle stained by H&E to show coronary artery (white arrows) and its wall thickness (black arrows). Control group with normal coronary wall thickness with normal wall thickness (white arrow) and well-organized nearby cardiac muscle fibers (star). MetS group showing mild irregular focal thickening of the coronary wall along with focal degeneration (stars). VD- group showing marked focal thickening of the coronary wall along with vascular congestion and focal muscle loss (stars). Combined (VD- + MetS) group showing more increase in coronary wall thickness with focal atrophy and destruction of cardiac muscle (stars).
The left ventricular thickness showed a significant rise in the VD- (p < 0.001), MetS (p < 0.01), and combined (VD- + MetS) groups (p < 0.0001) compared to the control. The combined group also exhibited a significant increase in left ventricle thickness compared to both the VD- and MetS groups (p < 0.05), as shown in Figure 6.
[image: Bar graph showing heart left ventricle thickness (in micrometers) across four animal groups: Control (267501.4875), VD- (339674.0759), MetS (330512.3576), and VD+MetS (391117.9688). VD+MetS shows the highest thickness, indicated by symbols ($, #), while Control has the lowest.]FIGURE 6 | Mean ± S.E level of the thickness of heart left ventricle for control, VD-, MetS, and (VD- + MetS) groups after 8 weeks. VD-: vitamin D-deficient group, MetS: metabolic syndrome group, and VD- + MetS: combined group (vitamin D deficient and metabolic syndrome), n = 12. Mean is expressed as mean ± SE. *** significant (p < 0.0001) vs control group. ** significant (p < 0.001) vs control group. * significant (p < 0.01) vs control group. # significant (p < 0.05) vs metabolic syndrome group. $ significant (p < 0.05) vs vitamin D-deficient group.
3.5 Effect on aorta morphology and histology
The aortic wall in the control rat was found to consist of an intima media layer as it was difficult to distinguish between the inner layer (intima) and the middle layer (media) as separate entities, and this layer mainly consisted of wavy elastic fibers that alternate with smooth muscle. Next to the intima media layer, there is a layer of loose connective tissue that mainly consisted of collagen fibers, few connective tissue cells, and tiny blood capillaries, and it is known as adventitia (Figures 7, 8).
[image: Histological image showing four cross-sections of blood vessels, each labeled with length measurements in micrometers. The sections display varying thickened walls, indicating vascular changes. Each vessel is labeled in sequence from one to four.]FIGURE 7 | Sections of the aorta stained by H&E (200 μm) showing intima-media thickness for control, VD-, MetS, and (VD- + MetS) groups.
[image: Histological images display arterial cross-sections stained with H&E at 100x and 400x magnifications, and Masson stain at 400x, under different conditions: Control, VD-, MetS, and combined. Variations in structural integrity and staining intensity are noticeable, with specific markings highlighting changes in tissue composition across the columns.]FIGURE 8 | Sections of the aorta stained by H&E and Masson stain showing intima-media thickness for control, VD-, MetS, and combined (VD- + MetS) groups. The irregularity of the endothelial layer with focal thickening of the intima layer (red circle and arrows), increase in intima-media layer thickness (double heads arrow), smooth muscle in-between elastic fibers showed proliferation and vacuolation (doted black arrows), and focal irregularity and thickening of elastic fibers (white arrows). Masson stain showed thickening and irregularity of elastic fibers (black arrows) and proliferation of smooth muscles (doted arrows).
Aortic intima-media thickness was notably elevated in the VD- (p < 0.05), MetS (p < 0.05), and combined (VD- + MetS) groups (p < 0.0001) compared to control, with the highest values seen in the combined group, as shown in Figure 9.
[image: Bar graph showing intima media thickness of the aorta in various animal groups: Control (blue, 39205.6±1085.3), VD- (green, 49082±3927.5), MetS (orange, 45905±1563.8), and VD+MetS (red, 50910.4±2083.6). Asterisks indicate statistical significance.]FIGURE 9 | Mean ± S.E level of aortic intima-media thickness for control, VD-, MetS, and (VD- + MetS) groups after 8 weeks. VD-: vitamin D-deficient group, MetS: metabolic syndrome group, and VD- + MetS: combined group (vitamin D-deficient and metabolic syndrome), n = 12. Mean is expressed as mean ± SE. *** significant (p < 0.0001) vs control group. * significant (p < 0.05) vs. control group.
4 DISCUSSION
In this study, we emphasize the significant cardiovascular impacts of both vitamin D deficiency and metabolic syndrome (MetS), especially in instances where these conditions are present collectively. Our findings are consistent with and build upon prior studies, demonstrating the amplified impact of such disorders on cardiovascular remodeling, such as left ventricular hypertrophy, coronary artery thickness, and vascular dysfunction.
Metabolic syndrome, a well-known risk factor for atherosclerosis and heart failure, continues to be closely associated with poor cardiovascular outcomes (Grundy et al., 2005; Low Wang et al., 2016). In our study, the MetS group exhibited mild coronary artery thickening and left ventricular hypertrophy, highlighting the increased cardiac workload caused by hypertension, hyperglycemia, and dyslipidemia. Recent studies reinforce that metabolic syndrome induces chronic low-grade inflammation, which drives vascular remodeling and accelerates atherogenesis (Hlyan et al., 2024; Roberts et al., 2013). Moreover, recent findings suggest that insulin resistance in MetS increases oxidative stress and exacerbates vascular smooth muscle cell proliferation, which is consistent with the structural changes we observed in the coronary arteries (Morgado F et al., 2024). Elevated levels of CK-MB and LDH in the MetS group further indicate subclinical myocardial damage, which is consistent with recent reports that individuals with MetS are at increased risk of diastolic dysfunction and left ventricular hypertrophy even in the absence of overt heart disease (Chen et al., 2023).
Recent studies highlight the complex role of vitamin D in supporting cardiovascular health. Its deficiency is recognized as a significant factor in endothelial dysfunction, arterial stiffness, and cardiomyocyte apoptosis, thereby elevating the risk of heart disease (Barbarawi et al., 2019). This study reveals significant left ventricular hypertrophy and coronary artery thickening in the vitamin D-deficient group, aligning with recent findings that vitamin D functions as a cardioprotective agent through modulation of the RAAS and enhancement of endothelial NO synthesis (Chen et al., 2023). A 2020 meta-analysis demonstrated that vitamin D supplementation significantly enhanced vascular endothelial function, especially in individuals with low baseline vitamin D levels (Beveridge et al., 2018). Moreover, emerging evidence underscores the critical role of vitamin D in mitigating oxidative stress, regulating vascular tone, and preventing myocardial remodeling, which are key mechanisms in cardiovascular diseases (Islam et al., 2024). This study elucidates the moderate cardiovascular remodeling noted in the present study in the vitamin D-deficient group, characterized by endothelial dysfunction resulting in smooth muscle proliferation, evident in the thickened coronary arteries and ventricular walls. Our findings indicate that elevated CK-MB and LDH levels in the VD- group are associated with a heightened risk of myocardial infarction and heart failure observed in populations deficient in vitamin D (Cosentino et al., 2021). The assessment of metabolic syndrome parameters is not shown as it was previously published (Mahjoub et al., 2022).
The most significant cardiovascular changes in our study were observed in the combined vitamin D-deficient and MetS group (VD- + MetS), which exhibited severe left ventricular hypertrophy, coronary artery thickening, and vascular remodeling. Recent studies suggest that vitamin D deficiency worsens the metabolic profile in individuals with MetS, exacerbating inflammation, insulin resistance, and dyslipidemia, which synergistically drive cardiovascular pathology (Contreras-Bolívar V et al., 2021; Wang et al., 2016). A study by Lee and Kim (2021) demonstrated that individuals with both vitamin D deficiency and MetS had a significantly higher risk of cardiovascular events than those with either condition alone. This aligns with our findings that the VD- + MetS group exhibited the most severe vascular congestion, intima-media thickening, and smooth muscle proliferation, indicating that the synergistic effect of these conditions accelerates vascular aging and myocardial degeneration. Similarly, a recent study highlights the intricate interplay of genetic predisposition, molecular pathways, and structural changes in the aortic wall that contribute to vascular remodeling and degeneration (Godugu et al., 2024; Islam et al., 2023). It underscores the importance of early detection and innovative therapies to address vascular complications, which are particularly relevant in conditions such as those observed in the VD- + MetS group.
Furthermore, the increased oxidative stress observed in the combined group, as evidenced by elevated MDA levels, reflects the compounded effects of hyperglycemia, insulin resistance, and vitamin D deficiency on lipid peroxidation and vascular inflammation (Mahjoub and Masrour-Roudsari, 2012). The histopathological evidence of severe coronary artery remodeling and myocardial atrophy underscores the critical need for early intervention in individuals with both metabolic syndrome and vitamin D deficiency.
This study has several limitations that should be acknowledged. First, the study duration of 8 weeks may not fully capture the long-term effects of vitamin D deficiency and metabolic syndrome on cardiovascular health. Second, environmental and genetic factors that may influence the progression of metabolic syndrome and vitamin D deficiency were not explored in this study. Last, although the study identified key biochemical and histopathological changes, it did not investigate the molecular mechanisms in detail, such as specific signaling pathways involved in oxidative stress and vascular remodeling. These limitations highlight the need for further research to address these gaps and provide a more comprehensive understanding of the interplay between vitamin D deficiency and metabolic syndrome.
5 CONCLUSION
The present study provides robust evidence that both vitamin D deficiency and metabolic syndrome independently contribute to cardiovascular pathology, and their coexistence has a synergistic effect, exacerbating vascular and myocardial remodeling. These findings align with the recent literature from 2015 to 2024, which emphasizes the critical role of vitamin D in maintaining cardiovascular health and highlights the heightened cardiovascular risk posed by metabolic syndrome. Vitamin D supplementation, combined with effective management of metabolic syndrome, may be an essential strategy to reduce the cardiovascular burden in these populations. Future research should focus on studying the underlying mechanisms and molecular pathways of vitamin D in the progression of cardiovascular metabolic syndrome.
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Background

A common pathophysiological association between lipid metabolism and sex hormone levels has been revealed in recent research. The atherogenic index of plasma (AIP) is the marker currently used to evaluate metabolism. The purpose of this research was to discover the relationship between the AIP and testosterone deficiency (TD) in a nationwide representative population.





Methods

Data from the National Health and Nutrition Examination Survey (NHANES) database from 2011 to 2016 were utilized in this cross-sectional research. The formula, lg [TG (mmol/L)/HDL-C(mmol/L)], was applied to determine the AIP. Total serum testosterone levels were used to define TD. Our researcher utilized smoothed curve fitting and multivariate logistic or linear regression analysis to inspect the relationship between AIP and TD among adult males. The consistency of these results was examined in various population subgroups.





Results

In total, 1,198 individuals (28.6%) were stratified into the TD group. We observed statistically significant differences (P values < 0.05) in the TD population for all variables. After correcting for potential confounders, our researchers discovered a strong positive relationship between the AIP and the probability of developing TD. With each additional unit of the AIP, the incidence of TD increased by 2.81-fold in adult males. Subgroup analyses showed the correlations for the majority of the subgroups remained stable. However, marital status, CKD, smoking, and alcohol consumption may modify this association.





Conclusions

A higher AIP is correlated with a lower level of testosterone in adult males. This correlation may be altered by factors including marriage, chronic kidney disease, alcohol, and smoking consumption.





Keywords: AIP, testosterone deficiency, lipid metabolism, population-based studies, NHANES




1 Background

The main source of testosterone, an important class of sex hormones, is the testes in the male reproductive system, and in particular, the interstitial cells within the testes are responsible for synthesizing and releasing this hormone in large quantities. In addition to this, the body’s adrenal glands and ovaries are also involved in the production of testosterone (1). As a result, testosterone levels in men are generally significantly higher than in women and are essential for maintaining male secondary sexual characteristics and fertility (2). Research has revealed that the highest levels of testosterone production in men are during puberty and early adulthood, followed by a gradual decrease with age. After the age of 40, there is an annual decline of 0.4%–2.6%, and by the age of 80, testosterone concentrations may be 20% to 50% lower in comparison to younger ages (3–5). The role of testosterone is not limited to sex characterization and individual growth and development but is also involved the maintenance of a variety of physiological functions (6). In the United States, approximately 20% to 50% of men suffer from testosterone deficiency (TD) (7), a prevalent health problem that not only affects reproductive health and sexual function, but also leads to psychological and physiological disorders, cognitive dysfunction, muscular atrophy, osteoporosis, and related metabolic disorders such as depression (8–11). As a key regulator of men’s health, testosterone modulates a number of biological processes that are critical to men’s health. Reduced or insufficient serum testosterone levels have been associated with an increased risk of several cardiovascular diseases, such as hypertension, stroke, and coronary heart disease (12–14). In addition, TD has a pivotal role in the development of metabolic diseases, which include dyslipidemia, diabetes, and obesity (15, 16). Research suggests that deficient testosterone levels may be correlated with the incidence and seriousness of these metabolic diseases. Amid the increasing worldwide demographic shift towards an older population, the associated problem of lower testosterone levels has gradually attracted widespread public attention. Epidemiological statistics reveal that the average prevalence of TD in males above the age of 50 is approximately 7%, with the incidence increasing significantly with age (17, 18). Therefore, identifying and establishing biomarkers that can accurately predict changes in testosterone levels is of paramount importance for clinical practice, not only to help prevent a range of physical and mental disorders caused by testosterone deficiency but also to have a significant impact on improving the overall life satisfaction of patients.

Current medical research has found that individuals with abnormal lipid metabolism and obesity are often accompanied by lower testosterone levels, which rebound significantly when these metabolic problems are effectively treated. These findings reveal a strong link between testosterone levels and an individual’s metabolic health status (19–22). The plasma atherosclerotic index (AIP) is a new lipid biomarker that signifies the characteristics and severity of abnormal lipid metabolic procession (23). The AIP is strongly associated with atherosclerotic load and cardiovascular events (24–28). The AIP reflects the ratio of triglyceride (TG) to high-density lipoprotein cholesterol (HDL-C) and represents the dimensions of lipoprotein molecules, which indicates the disease-causing potential and distinctive nature of dyslipidemia more effectively than TG or HDL-C levels by themselves (29, 30). Since testosterone levels are associated with metabolic status and obesity, and the AIP reflects the lipid metabolic status of an individual, abnormalities in the AIP may suggest changes in testosterone levels. However, to our knowledge, the predictive value of the AIP in diagnosing testosterone deficiency among adult individuals remains unclear. Our research aimed to explore the correlation between the AIP and the prevalence of testosterone deficiency among US adults based on a nationally representative sample.




2 Materials and methods



2.1 Data sources

The 2011–2016 National Health and Nutrition Examination Survey (NHANES) datasets were the original information resource for the present analysis. The NHANES database provides comprehensive data on each participant’s laboratory tests, disease information, human examinations, and population characteristics. The reliability of the data in this database stems from the fact that it is collected based on a nationwide representative sample in the United States via a comprehensive investigation, using the most advanced and reliable techniques of information collection and organizational and statistical methods for data analysis. This data is subsequently subjected to additional analysis and utilized to study risk factors for a variety of diseases. A sophisticated multi-stage probabilistic approach was used in this study to ensure the representativeness and accuracy of the samples used. The qualification of human subjects in NHANES was accessible via the National Center for Health Statistics (NCHS) Ethics Review Board and each participant provided signed informed consent.




2.2 Research population

The researchers selected 29,902 participants from NHANES 2011–2016.The researchers requested that the dataset be a usable dataset containing information on TD, and the relevant variables needed to calculate the AIP. The researchers applied the exclusion criterion to the following groups: participants aged <20 years; those lacking sociodemographic data, confounders, and incomplete information on TD; and participants with incomplete data required for the AIP calculation. A total of 4,115 participants with comprehensive information participated in this cross-sectional investigation after the exclusion of participants who met the above criteria (Figure 1). This study applied the WTMEC2YR assessment weights to correct for sampling bias and improve the generalizability of the results.

[image: Flowchart showing data exclusion process for a study. It starts with 29,902 NHANES participants, reducing to 21,592 with complete migraine data after excluding 8,310 for missing testosterone data. Further exclusions are for missing education level, marital status, etc., narrowing to 6,764. More exclusions for smoking, drinking, and other health factors result in 4,647 participants. Missing laboratory indicators further reduce the number to 4,617. Finally, after excluding 502 participants with cancer, 4,115 remain with complete laboratory data.]
Figure 1 | Flowchart depicting participant selection in the study.




2.3 Definition of the exposure variable

The AIP was regarded in the current investigation as an exposure variable, calculated by lg [TG (mg/dL)/HDL-C(mg/dL)]. TG values and HDL-C were assessed using a Cobas 6000 biochemistry instrument. We treated the AIP as both a categorical variable and a continuous variable for correlation studies for the purpose of further investigating the relationship between TD and AIP.




2.4 Definition of the outcome variable

The researchers considered the prevalence of TD and the level of testosterone as the outcome variables. Total testosterone in serum was measured using an isotope dilution liquid chromatography-tandem mass spectrometry (ID-LC-MS/MS) method developed by the Centers for Disease Control and Prevention (CDC) for routine analysis. The total testosterone level for the diagnosis of TD according to the Association of American Urology was <300 ng/dL.




2.5 Covariates

Factors that may have an impact on the association between TD and the AIP were regarded as covariates in this investigation. The covariates considered in this study included the sociodemographic factors of age (≤40, 41–60, or >60 years), educational level (high school graduate/GED or equivalent, college graduate or above, or less than 12th grade), ethnicity (other Hispanic, other races, Mexican American, non-Hispanic Black, or non-Hispanic white), marital condition (living alone, married, or living with partner), and family poverty income ratio (PIR) (≤1.0, 1.1-4.0, or >4.0). The researchers also included the health-related factors of diabetes, sedentary behavior, physical activity, hypertension, hyperlipidemia, chronic kidney disease (CKD), and cardiovascular diseases (CVDs) (all described as yes/no). According to questionnaire information, self-reported disease was also considered, including diabetes. A diagnosis of cardiovascular disease, hypertension, and hyperlipidemia was regarded as the basis of a self-reported history. The definition of cardiovascular disease includes angina, congestive heart failure, stroke, heart attack, and coronary heart disease. A diagnosis of CKD was defined as urinary Albumin-to-Creatinine Ratio (uACR)>30 mg/g or eGFR <60 ml/min/1.73 m². Specialized medical technicians took careful measurements of an individual’s body mass index (BMI) in a Mobile Examination Center. BMI is classified as overweight (25–30 kg/m²), obesity (≥30 kg/m²), or normal (<25 kg/m²). Physical activity is defined as a questionnaire response to moderate recreational activities. According to the responses to the questionnaire, sedentary behavior was defined as more than 360 minutes of sitting or lying down in a day at work, home, or school, while sleep time was excluded. PIR is the measurement of socioeconomic position, described as the rate of income to the United States Census Bureau’s poverty level for a family. Individuals are classified as present smokers, never smokers, or former smokers based on the “Do you personally use cigarette or tobacco?” and “Smoked more than 100 cigarettes in your lifetime” questions. Based on the “Drink at least twelve times in a lifetime or a year” question, the definition of a alcohol drinker includes current, never, and former alcohol drinkers. Laboratory data included albumin, liver enzymes, urea nitrogen, serum creatinine, calcium, phosphorus, sodium, potassium, total bilirubin, uric acid, and creatinine.




2.6 Statistical methods

Continuous and categorical variables were used to characterize participants at baseline. Categorical variables are described by numbers and percentages. Continuous variables are described in terms of mean ± standard deviation. Weighted chi-square tests and t-tests were conducted for comparisons of baseline characteristics among these participants. By assessing the corrected odds ratio (OR), β, and 95% confidence interval (CI), the study conducted a weighted logistic or linear regression model to explore the connections between TD, testosterone levels, and AIP. Three models were used by us with varying degrees of modification for covariates (Model 1, unadjusted for covariates; Model 2, modified for marital status, education, age, ethnicity, and PIR; and Model 3, adjustments for marital status, smoking status, BMI, PIR, education, alcohol consumption, physical activity, age, ethnicity, diabetes, hypertension, CVD, CKD, sedentary behavior, hyperlipidemia, and laboratory test indicators). In all three models, continuous variable AIP was used by our researchers. In addition, the dose-response relationship between AIP and the prevalence of the TD and testosterone level was evaluated by utilizing the restricted cubic spline (RCS) curves. This multiple logistic or linear regression model includes the continuous and categorical models. The AIP was divided into quartiles, and then the linear trends were calculated by considering the median value of every subgroup as a continuous variable. In addition, our researchers conducted subgroup analyses of general information, sedentary behavior, smoking status, disease condition, physical activity, alcohol consumption, and their interactions to examine whether there were different associations between subgroups. All statistical analyses in this investigation were conducted utilizing R 4.3.3 and SPSS 26.0. A bilateral P-value < 0.05 was recognized as statistically significant.





3 Result



3.1 Baseline characteristics of participants

The study recruited 29,902 individuals from NHANES 2011–2016. Figure 1 displays the flowchart for the exclusion and inclusion of individuals. Participants with incomplete information for testosterone were excluded and the remaining 21,592 participants were retained. Participants with incomplete information for age <20 years, sociodemographic data, and covariates were excluded, and the remaining 6,764 participants were retained. In addition, after excluding participants who had incomplete data required for AIP calculations and disease condition, the remaining 4,115 participants were considered in our investigation. The characteristics of the participants involved in this investigation at baseline are presented in Table 1. In total, 1,198 individuals (28.6%) were stratified into the TD group. We observed statistically significant differences (P-value < 0.05) in the TD population for all variables.

Table 1 | Baseline characteristics of participants based on testosterone deficiency.


[image: A detailed table compares characteristics of participants with and without TD. Categories include age, race, education level, marital status, PIR, BMI, smoking, drinking, diabetes, hypertension, hyperlipidemia, CVD, CKD, recreational activities, sedentary activity, and various lab results like albumin and creatinine. Count, percentage, and P-values are provided, with significant differences noted at a P-value < 0.001. Continuous variables are shown as mean and standard deviation, analyzed using ANOVA, while categorical variables used the Chi-square test or Fisher’s exact test.]



3.2 Association between AIP and TD

The crude model revealed the prevalence of TD increased 3.94-fold (OR 4.94, 95%CI 4.05~6.02, P < 0.001) for every unit addition in the AIP. Model 2 was adjusted for sociodemographic indicators and showed a 4.43-fold (OR 5.43, 95%CI 4.41~6.69, P < 0.001) increase in prevalence of TD in adult males. Model 3 was further controlled for disease status, with every unit addition of the AIP significantly increasing the prevalence of TD by 2.81-fold (OR 3.81, 95% CI 3.00~4.82, P < 0.001).

As shown in Table 2, each additional unit of the AIP was also categorized by quartile and compared to the first quartile as the reference. In the crude model, compared with the lowest Q1, the highest Q4 had a 4.36-fold increase in the prevalence of TD (OR 4.36, 95% CI 3.54~5.36). In Model 2, after an adjustment for sociodemographic factors, the risk of TD was increased 4.69-fold (OR 4.69, 95% CI 3.77~5.82) compared with Q1. In Model 3, the incidence was increased 3.13-fold, after the total adjustment (OR 3.13, 95% CI 2.46~3.98).

Table 2 | Weighted regression models and trend tests elucidating the association between AIP and testosterone deficiency.


[image: Table showing the odds ratios and confidence intervals for testosterone deficiency under three models. Continuous AIP values have odds ratios of 4.94, 5.43, and 3.81 for Models 1, 2, and 3, respectively, all with P-values less than 0.001. Quantile data shows increasing odds across Q1 to Q4, with highest in Q4 for all models and Model 3 having the highest P-value of 0.099 in Q2. Model adjustments are detailed at the bottom.]



3.3 Association between AIP and total testosterone

This crude model showed that total testosterone decreases by 154.07 (β =-154.07, 95% CI -168.56~-139.58, P<0.001) for every unit increase in the AIP. Model 2 was adjusted for sociodemographic factors and showed a 155.89 decrease in total testosterone (β =-155.89, 95%CI -170.83~-140.96, P<0.001). Model 3 further controlled for disease status, with every unit addition of the AIP significantly increasing the total testosterone by 111.97 (β = -111.97, 95% CI -127.89~-96.06, P<0.001).

As shown in Table 3, the total testosterone in the Q4 group decreased by 104.78 compared with the Q1 group under the same conditions (β = -104.78, 95% CI -120.89~-88.66, P <0.001). In all models, a significant dose-response trend was found with the increase in the AIP (P for trend < 0.001). In Figure 2, the constructed RCS curves show the dose-response relationship between AIP and TD or testosterone levels.

Table 3 | Weighted regression models and trend tests elucidating the association between AIP and testosterone levels.


[image: Table showing testosterone levels with confidence intervals and p-values across three models, labeled Model 1, Model 2, and Model 3. Each model includes continuous measures and quantiles Q1 to Q4. All models show statistically significant p-values less than 0.001. Model 1 is unadjusted; Model 2 and Model 3 are adjusted for various factors.]
[image: Graphs A, B, and C show odds ratios for Models 1 to 3, respectively, depicting a nonlinear trend of increasing odds ratios with increasing AIP. Graphs D, E, and F display beta coefficients for Models 1 to 3, respectively, indicating a nonlinear trend of decreasing beta values with increasing AIP. Each graph includes a confidence interval (shaded area) and p-values for overall and nonlinear significance.]
Figure 2 | (A–C) Analysis of the measured response relationship between AIP and testosterone deficiency; (D–F) Analysis of the measured response relationship between AIP and testosterone levels. Model 1 was not adjusted. Model 2 was adjusted for age, race, education level, marital status, and PIR. Model 3 was adjusted for age, race, education level, marital status, PIR, BMI, disease condition, physical activity, sedentary behavior, smoking status, alcohol use, disease, and laboratory test indicators. The solid red line indicates the odds ratio or β and the red shaded area indicates the 95% confidence interval (CI).




3.4 Subgroup analysis

Analyzed by weighted logistic regression, the relationship between the incidence of TD and AIP for each layered indicator is reported in Table 4. For each unit addition in the AIP, the incidence of TD increased 3.73-fold (OR 4.74, 95% CI 3.57 ~ 6.29) in participants married and living with a partner. However, for participants living alone, the incidence of TD increased by 76% (OR 1.76, 95% CI 1.14 ~ 2.71). In addition, we observed significant changes in CKD. The tiered analysis of disease status showed a 2.91-fold increase for participants without CKD (OR 3.91, 95% CI 2.99 ~ 5.11) and a 1.33-fold increased risk for individuals with hypertension (OR 2.33, 95% CI 1.44 ~ 3.79). Regarding smoking and alcohol consumption, the risk was 1.95-fold increased for participants who currently smoked (OR 1.95, 95% CI 1.17 ~ 3.24) and 3.29-fold increased for participants who currently consumed alcohol (OR 3.29, 95% CI 2.56 ~ 4.22). The results of the stratified analysis remained reliably stable between the remaining groups except for marital status, CKD, smoking, and alcohol consumption.

Table 4 | Subgroup analysis of the association between the AIP and testosterone deficiency.


[image: Table comparing various subgroups based on odds ratios (OR), confidence intervals (CI), p-values, and interactions. Subgroups include age, race, education, marital status, comorbidities, and lifestyle factors. Bold text indicates statistically significant differences, with p-values less than 0.05. Among the notable observations, some significant interactions are noted in marital status and smoking.]




4 Discussion

Our investigation primarily investigated the relevance between the AIP and the prevalence of TD in adult males using the NHANES database. The research involved in a sample size of 4,115 individuals. Weighted multifactorial logistic regression analysis revealed, after all covariates were controlled, a positive and statistically significant relationship between the prevalence of TD and the AIP in adult males. Furthermore, the RCS curves revealed a non-linear positive correlation between TD and the AIP in adult males. Additionally, the prevalence of TD progressively increased with the increasing AIP quartiles in adult males. The subgroup analyses revealed that the relationship between AIP and TD might be altered because of marital status, CKD, smoking, and alcohol consumption. Future research should also explore the complex interplay between the AIP, testosterone, and comorbid conditions such as chronic kidney disease and diabetes mellitus, where dyslipidemia and endocrine dysfunction may create synergistic detrimental effects on male health outcomes.

The positive correlation of the AIP with the incidence of TD varied among certain subgroups. Different marital statuses may lead to different psychological and physiological stresses that may affect the stability of testosterone levels. It has been revealed that men living with a partner have lower testosterone levels compared to unmarried men (31), a result that leads to an unstably positive synergistic relationship between the atherosclerosis index and testosterone deficiency across marital status. Meanwhile, a broad spectrum of studies has underscored that smoking has an effect on sperm density, viability, vigor, and morphology; seminal plasma zinc concentration; and sperm DNA damage in men, with the sperm DNA fracture index being higher in smoking than in non-smoking groups and sperm DNA fragmentation being increased. This suggests that smoking may affect testosterone synthesis and sperm quality by increasing DNA damage (32). Alcohol consumption may lead to abnormal liver function and affect the metabolism of sex hormone-binding globulin, which in turn affects the bioavailability of testosterone (33). In summary, smoking and alcohol consumption may combine to destabilize the association between AIP and testosterone deficiency by affecting the endocrine system, increasing oxidative stress, and affecting liver function. In addition, changes in renal function directly affect hormone metabolism and excretion, which may influence testosterone levels and lead to unstable outcomes. These findings raise important clinical questions about whether targeted interventions such as dietary modifications, lifestyle changes, or pharmacologic lipid-lowering therapies could serve as adjunct strategies for managing androgen deficiency in metabolic syndrome populations, a hypothesis requiring verification through randomized controlled trials. Similarly, lifestyle interventions that reduce visceral adiposity and insulin resistance could ameliorate both the AIP and testosterone deficiency through shared metabolic pathways. Randomized controlled trials are urgently needed to evaluate whether AIP-lowering strategies serve as adjunct therapies for managing androgen deficiency in high-risk populations, particularly those with metabolic syndrome or CKD.

An array of investigations have revealed that TD is a common condition. It has a significant influence on the quality of life and healthy condition of the patient, as well as a remarkable influence on the psychological wellbeing of individuals. Nevertheless, the underlying pathological processes of TD remain incompletely understood. Although the occurrence of TD in the adults has remained at the same level in recent years, the overall incidence and public health impact of the condition remains quite significant given the rising population size, which may indirectly reflect trends in the development of TD in other countries around the globe. This exacerbates the strain on healthcare systems and increases explicit and implicit medical costs connected to the condition. In addition, TD is connected to a variety of chronic diseases, including cardiovascular and disease kidney disease, further increasing the need for public health interventions. An elevated AIP is a key indicator of lipid metabolite interactions and is associated with the incidence of TD, a relationship that may involve multiple mechanisms. We introduced the AIP, which combines triglyceride to HDL-C ratios, and concluded that it more accurately reflects an individual’s metabolic health status.

Several mechanisms may explain the positive relationship between the incidence of TD and AIP in adults with diabetes. These include several aspects such as dyslipidemia, insulin resistance, inflammatory response, and hepatic lipid metabolism (34–38). Initially, research demonstrated that testosterone significantly contributes to the regulation of lipid metabolism in male individuals. Serum testosterone levels were positively correlated with HDL-C and inversely related to low-density lipoprotein cholesterol (LDL-C), triglycerides, and total cholesterol (39, 40). Correlation studies indicate that higher levels of testosterone in the blood are associated with increased levels of HDL-C, while they are inversely related to the concentrations of low-density lipoprotein cholesterol (LDL-C), triglycerides, and total cholesterol.

This implies that endogenous testosterone may be a favorable factor in maintaining the balance of lipid metabolism in men. When testosterone levels are low, this balance is disrupted, resulting in increased levels of TG and non-HDL-C and decreased levels of HDL-C. This implies that testosterone deficiency may contribute to an elevated AIP by affecting lipid levels, specifically by increasing harmful lipid components (TG and non-HDL-C) and decreasing beneficial lipid components (HDL-C) (41). At the same time, testosterone deficiency results in a compromised increase of HDL-C triggered by its conversion to estradiol by aromatase, which also leads to an increased AIP (42). Furthermore, evidence has demonstrated that retinol-binding protein 4 (RBP4) is crucial for managing insulin resistance. Notably, in a murine model exhibiting diminished testosterone activity, there was a marked increase in RBP4 protein concentrations, potentially linking it to the onset of insulin resistance (43–45). Furthermore, insulin resistance could contribute to the activation of the fatty acid synthesis pathway in adipocytes, which promotes fatty acid synthesis and fat accumulation while inhibiting fatty acid oxidation, leading to dyslipidemia (46), which in turn affects AIP levels. In addition, research has demonstrated a strong correlation between testosterone deficiency and increased levels of inflammatory indicators, including high-sensitivity C-reactive protein, interleukin-6, and tumor necrosis factor-alpha (47). This implies that TD may be associated with increased levels of inflammation in the body, while the AIP is dependent on the logarithm of the ratio of plasma TG to HDL-C, which reflects the size of oxidized LDL particles in serum. Inflammatory factors can affect lipid metabolism (48), particularly by increasing the levels of oxidized low-density lipoprotein (oxLDL), which may lead to elevated AIP levels. Ultimately, testosterone may alter the genetic expression linked to the formation and release of lipoproteins, including the scavenger receptor B1 (SR-B1). Hepatic lipase expression is upregulated in hepatocytes. This enzyme catalyzes the breakdown of phospholipids on HDL-C particles and facilitates the selective uptake of HDL-C via SR-B1, which promotes retrograde cholesterol transport and exerts an antiatherosclerotic effect (49), thus leading to the correlation between an elevated AIP and testosterone deficiency. The biological mechanisms underlying this association warrant further investigation, particularly regarding how altered lipid metabolism may impact cell function, steroidogenic enzyme activity, or androgen receptor signaling through inflammatory or oxidative stress pathways.

According to studies in recent years, the current rate of TD in the global population continues to rise, affecting people’s physical and mental health in various ways. Lipid metabolism is closely associated with TD problems. Our investigation confirms a novel demonstration of a significant relationship between the AIP and the occurrence of TD in adult males, which has significant implications for the diagnosis and treatment of TD. This research exhibits several strengths. Based on the NHANES database, the investigation is primarily a cross-sectional investigation to research the correlation between the AIP and TD in adult males. At the same time, our study is representative because it contains basic data from a large number of respondents in the US. However, it is worth noting that we still have some limitations. First, some of the information in the NHANES database was obtained through self-reporting by the respondents, including disease information. Self-reporting bias could lead to imprecise answers, which may affect the accuracy of the results. Second, this investigation could not establish a direct sequential association between TD and the AIP in adult males, but only inferred a correlation, due to it being a cross-sectional study. Longitudinal studies tracking lipid profiles and hormonal changes over time are needed to establish temporal relationships and clarify potential causal pathways. The diagnosis of testosterone deficiency relied solely on a single serum testosterone measurement without clinical symptom assessment. Diurnal variation in testosterone levels and the absence of symptom data may have introduced misclassification bias. Future studies should incorporate repeated measures, standardized morning blood draws, and validated symptom questionnaires. In conclusion, this study suggests there is a positive significant relationship between the AIP and the risk of TD in adult males.




5 Conclusion

The research revealed a positive significant relationship between the AIP and TD in American adult males. In adult males, a higher AIP was correlated with a higher occurrence of TD. This finding suggests that lipid metabolism may be an influencing factor for TD. The clinical importance of our research is that assessing the AIP may help identify those at higher risk for TD. Incorporation of the AIP into common clinical assessment could contribute to early detection of TD and direct personalized care strategies.
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Context

Type 2 diabetes mellitus (T2DM) significantly increases the risk of mild cognitive impairment (MCI), and earlier recognition is crucial for timely intervention and improving patients’ quality of life.





Objective

The aim of this study was to characterize changes in cerebral white matter hyperintensities (WMH) and cerebral blood flow (CBF) based on 3D-arterial spin labeling (3D-ASL) measurements in T2DM with MCI, and to assess their potential as markers for early prediction of MCI.





Methods

This study included 30 T2DM patients stratified into T2DM-MCI and T2DM-nMCI groups using MMSE/MoCA. MRI assessed cerebral WMH volume (T2-FLAIR) and regional CBF (3D-ASL) in temporal, parietal, occipital, and hippocampal areas. Group differences in WMH/CBF were analyzed, ROC evaluated CBF’s diagnostic efficacy for MCI, and CBF-cognition correlations were assessed via Spearman’s analysis.





Results

Cranial MRI analysis shows that there were no significant differences between the two groups in terms of total cerebral WMH volume and regional volume (P>0.05). CBF in the temporal, parietal, occipital, and hippocampal regions was significantly lower in the T2DM-MCI group than in the T2DM-nMCI group (P<0.05). ROC analysis revealed that CBF in the hippocampus had the highest diagnostic efficacy (AUC = 0.813, optimal cutoff value of 41.165 ml/(100 g·min), sensitivity 73.3%, specificity 80.0%). Spearman’s correlation analysis showed that CBF in the temporal, parietal, occipital, and hippocampal regions was significantly and positively correlated with MoCA scores (P < 0.05), with temporal and parietal CBF also significantly and positively correlated with MMSE scores (P < 0.05).





Conclusions

CBF, based on 3D-ASL measurements, especially in the hippocampus, is a promising functional marker for identifying MCI in patients with T2DM.





Keywords: type 2 diabetes mellitus, mild cognitive impairment, white matter hyperintensities, cerebral blood flow, arterial spin labeling





Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disorder characterized by chronic hyperglycemia, which is not only strongly associated with traditional complications such as cardiovascular disease and diabetic retinopathy, but also significantly increases the risk of cognitive dysfunction (1). Mild cognitive impairment (MCI) (2, 3), characterized by a subtle decline in memory, attention, language, or executive functioning, while the ability to function in daily life remains essentially intact, is of particular concern in these patients. Early identification of MCI in individuals with T2DM is crucial for timely intervention and improving quality of life (4). Although the Brief Mini-Mental Status Examination (MMSE) and Montreal Cognitive Assessment (MoCA) (5) are widely used for assessing cognitive function (6), being behavioral scales, they are limited in their ability to detect microscopic changes in brain structure and function.

Imaging techniques are valuable for revealing brain changes associated with T2DM. Cerebral white matter hyperintensity (WHM), a structural marker of cerebral small vessel disease, has been shown to be associated with cognitive impairment (7, 8). However, its formation is usually a chronic process, with low sensitivity for early diagnosis. In contrast, cerebral blood flow (CBF) measurement based on 3D-arterial spin labeling (3D-ASL) technology is non-invasive, sensitive, and capable of reflecting functional changes in the brain (9), particularly in brain regions closely related to higher cognitive functions, such as the temporal lobe, parietal lobe, and hippocampus (10–12). While the importance of cerebral WHM and CBF in brain diseases has been studied to some extent, there is still a lack of systematic analysis and discussion on the characteristics of these imaging biomarkers and their clinical significance in different cognitive states in patients with T2DM.

The aim of this study was to characterize the changes in cerebral WMH burden and CBF distribution, measured by the 3D-ASL technique, in T2DM patients across different cognitive states, and to assess the value of these imaging features as potential markers for predicting MCI. Additionally, the correlation of CBF with MMSE and MoCA scores was analyzed to reveal its clinical significance in the early identification and intervention of MCI associated with T2DM.





Methods




Research design and study subjects

This was a single-center, prospective study that included 30 patients with T2DM, who were seen between April 2022 and December 2023 at Zhejiang Provincial People’s Hospital. All study participants completed the Brief MMSE and the MoCA to assess cognitive function and underwent cranial magnetic resonance imaging (MRI). Based on the Brief MMSE and MoCA scoring criteria, the study subjects were divided into two groups: the T2DM with mild cognitive impairment group (T2DM-MCI group): MMSE < 26 points or MoCA < 26 points; and the T2DM without mild cognitive impairment group (T2DM-nMCI group): MMSE ≥ 26 points and MoCA ≥ 26 points. Patients in the T2DM-MCI group were recruited first. To minimize the influence of demographic variables such as age, gender, and education level on the study results, patients in the T2DM-nMCI group were recruited and matched based on the key demographic characteristics of the T2DM-MCI group. Fifteen patients were finally included in each group. Exclusion criteria included: non-T2DM patients, patients with acute complications of T2DM, patients with previous organic brain diseases, patients with severe psychiatric disorders that could affect the assessment of cognitive function, patients with moderate to severe cognitive impairment, and patients with contraindications to or who refused to undergo MRI. The study strictly adhered to the ethical principles of the Declaration of Helsinki and was approved by the Ethics Committee of Zhejiang Provincial People’s Hospital (QT2024229).





General clinical information and laboratory tests

General clinical information was collected, including gender, age, education level, smoking history, alcohol consumption, and family history, among others. Screening for diabetic retinopathy was performed by the same experienced ophthalmologist, who independently interpreted the results. Evaluation of diabetic peripheral neuropathy was carried out by the same physician using a uniform, standardized examination procedure. This included tests for vibratory sensation, the 10g nylon wire test, ankle reflexes, temperature sensation, and pinprick nociception. Diagnosis was based on the Chinese Guidelines for the Prevention and Control of T2DM, and results were recorded in dichotomous form (“yes” or “no”). After fasting for more than 8 hours, patients provided blood samples from their veins for laboratory tests early the next morning. All laboratory parameters (including biochemical and diabetes-related indicators) in this study were measured using a uniform testing method to ensure the accuracy and consistency of the data.





Cognitive function assessment

Cognitive function was assessed by the same systematically trained clinician in all study subjects, and the assessment process followed a strictly standardized procedure to avoid interference or bias. Cognitive assessment tools included the MMSE and the MoCA. The MMSE: a total score of 30, with a score of ≥27 considered normal. MoCA: a total score of 30, with high diagnostic sensitivity and specificity for MCI, and a score of ≥26 considered normal. Diagnostic criteria for MCI: according to the 2018 Chinese Guidelines for the Diagnosis and Treatment of Dementia and Cognitive Impairment, the diagnosis of MCI requires the following conditions: the patient or an informed person subjectively reports a decline in cognitive function, with a scale suggestive of cognitive impairment: a MoCA score of <26 or an MMSE score of 21–26 points, the ability to perform daily activities independently without dependence on others, and the diagnostic criteria for dementia have not yet been met (e.g., MoCA score >18). MRI scanning and data processing.





MRI scanning and data processing

MRI scanning was performed using a 3.0 Tesla MRI scanner (Discovery MR 750, GE Healthcare). During the scan, subjects were positioned supine with their heads immobilized using cotton pads and wearing noise-reducing earplugs to minimize acoustic interference. Conventional sequence scans, including T1WI, T2WI, DWI, and FLAIR sequences, were initially performed for WMH grading, volume measurements, and exclusion of significant brain lesions. Subsequently, a research sequence 3D-ASL scan was conducted.





WMH division and volume calculation

The T2-FLAIR-weighted images were imported into the MATLAB platform, and the WMH was automatically segmented using the Lesion Prediction Algorithm (LPA) in the SPM12 toolbox. The WMH volume in 1 mm³ voxel space was calculated for each MRI slice. Two experienced radiologists independently assessed the segmentation results, and poor-quality segmented images were manually corrected and used for analysis. WMH volumes included the following nine brain regions: deep white matter, corpus callosum, frontal lobe, temporal lobe, parietal lobe, occipital lobe, insula, brainstem, and cerebellum. All WMH volumes were calculated in milliliters (mL) and normalized by the ratio to intracranial volume to eliminate the effect of cranial size differences.





CBF value calculation

3D-ASL sequences were processed in a GE MRI ADW4.6 post-processing workstation using Functool software. Poor-quality images were rejected after a thorough review, and thresholds were adjusted to ensure that the calculation covered the entire brain tissue. The final pseudo-colored CBF images were generated. Measurements were repeated three times within each region of interest (ROI, area 20 mm²), and CBF values were recorded after averaging.





Statistical analysis

All data analysis was conducted using SPSS 24.0 statistical software. Normally distributed data are expressed as mean ± standard deviation ([image: Mathematical expression of a vector "x" with an overline, potentially indicating a mean vector or average value.]  ± s); comparisons between two groups that conformed to a normal distribution with homogeneous variance were performed using the independent samples t-test. The modified t-test was used when the variance was not homogeneous. Measurement data that were not normally distributed are expressed as median and interquartile range M (Q1, Q3), with comparisons between groups made using the rank-sum test. Statistical data were expressed as the number of cases and composition ratio (%), and the chi-square test was used to analyze the differences between groups. The diagnostic value of CBF in predicting MCI in patients with T2DM was analyzed using ROC curves, and the calculated indexes included the area under the curve (AUC), cut-off value, sensitivity, specificity, and Youden’s index. Spearman’s correlation analysis was used to assess the correlation between the CBF values in different brain regions and the MMSE and MoCA scores in the T2DM-MCI and T2DM-nMCI groups. The difference was considered statistically significant with P < 0.05.






Results




Baseline characteristics between the T2DM-MCI and T2DM-nMCI groups

There was no statistically significant difference between the T2DM-MCI and T2DM-nMCI Groups in terms of age, gender, years of education, smoking history, alcohol consumption, and baseline characteristics such as diabetes duration (P > 0.05). Additionally, there was no statistically significant difference between the two groups in terms of biochemical indicators (e.g., glycosylated hemoglobin, blood lipids, renal function, etc.) and comorbidities (e.g., diabetic retinopathy, peripheral neuropathy, etc.) (P > 0.05) (Table 1).

Table 1 | The baseline characteristics of the T2DM-MCI and T2DM -nMCI groups.


[image: A table compares variables between two groups: T2DM-MCI and T2DM-nMCI, each with 15 subjects. Variables include demographics, medical history, lab values, and diabetes-related complications. Statistical analyses provide values such as t, chi-square, or z, and P-values. Key findings show differences in measurements like blood pressure, body mass index, cholesterol, and glucose levels. Some P-values suggest significant differences, while most do not.]




WMH volume between T2DM-MCI group and T2DM-nMCI group

From the perspective of brain structure. T2DM-MCI Group and T2DM-nMCI Group of study subjects used MATLAB for segmentation of brain regions affected by WHM and calculation of the volume and number of lesions. The results showed no significant difference (P > 0.05) in the total volume of WMH, the volume of WMH in the nine brain regions, or the number of lesions between the two groups (Table 2).

Table 2 | Comparison of WHM volume in T2DM-MCI and T2DM-nMCI groups.


[image: Table comparing white matter hyperintensity (WMH) regions between two groups: T2DM-MCI and T2DM-nMCI, both with 15 subjects. Columns include WMH region, mean values with ranges, Z-scores, and p-values. Regions evaluated are total WMH, deep white matter, corpus callosum, frontal lobe, temporal lobe, occipital lobe, parietal lobe, insula lobe, cerebellum, and brain stem. Data show minimal differences between groups, with all p-values above 0.05.]




CBF in brain regions between T2DM-MCI group and T2DM-nMCI group and ROC curve analysis

The CBF values of the T2DM-MCI group were significantly lower than those of the T2DM-nMCI group overall (Figures 1A, B). Further analysis revealed that CBF values were significantly lower in the T2DM-MCI group compared to the T2DM-nMCI group in all four regions: temporal lobe, parietal lobe, occipital lobe, and hippocampus (Supplementary Table 1) (Figure 1C). ROC curve analysis showed that CBF values in the temporal lobe, parietal lobe, occipital lobe, and hippocampus all had high diagnostic efficacy for T2DM-MCI, with the hippocampus demonstrating the highest diagnostic efficacy (Supplementary Table 2) (Figure 1D).

[image: A: Brain images showing different levels of activity in color gradients. B: Similar brain images with higher activity levels, depicted with more intense colors. C: Scatter plot comparing cerebral blood flow rates across lobes between T2DM-MCI and T2DM-mMCI groups, with statistical significance indicated by asterisks. D: ROC curves for evaluating predictive accuracy of different brain regions, showing AUC values for temporal, parietal, occipital lobes, and hippocampus.]
Figure 1 | CBF in different brain regions in the T2DM-MCI versus T2DM-nMCI groups. A pseudo-color plot of the CBF images (from red to blue, with red being high perfusion and blue being low perfusion) in 3D-ASL in T2DM-MCI group (A), a pseudo-color plot of the CBF images in 3D-ASL in T2DM-nMCI group (B). The mean CBF scatter plot (C), The ROC curves of the CBF values (D). *P <0.05, **P <0.01 significantly.





Correlation analysis between CBF values in brain regions and cognitive scores

Based on the above conclusions, we further explore the relationship between CBF and cognition. We found that CBF values in the temporal (r = 0.529, P = 0.003), parietal (r = 0.574, P = 0.008), occipital (r = 0.554, P = 0.002), and hippocampal (r = 0.486, P = 0.007) regions were significantly and positively correlated with MoCA scores (Figure 2).

[image: Four scatter plots (A-D) illustrate relationships between MoCA scores and cerebral blood flow (CBF) in different brain regions. Plot A shows temporal lobe, with r=0.456 and p=0.011. Plot B shows parietal lobe, with r=0.574 and p=0.008. Plot C depicts occipital lobe, with r=0.554 and p=0.002. Plot D represents hippocampus, with r=0.486 and p=0.007. All plots demonstrate positive correlations.]
Figure 2 | Scatter plot of the correlation between CBF values and MoCA scores in different brain regions. Scatter plot of correlation between CBF and MoCA in temporal lobe of patients with T2DM (A); scatter plot of correlation between parietal CBF and MoCA in patients with T2DM (B); scatter plot of correlation between CBF and MoCA in patients with T2DM (C); scatter plot of correlation between CBF and MoCA in patients with T2DM (D), with statistically significant difference at P <0.05.

CBF values in the temporal lobe (r = 0.456, P = 0.011) and parietal lobe (r = 0.591, P < 0.001) were significantly and positively correlated with MMSE scores. However, CBF values in the occipital lobe (r = 0.343, P = 0.064) and hippocampus (r = 0.332, P = 0.072) did not show a significant correlation with MMSE scores (P > 0.05) (Figure 3).

[image: Four scatter plots indicate correlations between MMSE scores and cerebral blood flow in different brain regions. Graph A shows a positive correlation for the temporal lobe, r equals 0.456, p equals 0.011. Graph B shows a stronger positive correlation for the parietal lobe, r equals 0.591, p less than 0.001. Graph C shows a weaker correlation for the occipital lobe, r equals 0.343, p equals 0.064. Graph D shows a similar correlation for the hippocampus, r equals 0.332, p equals 0.072.]
Figure 3 | Scatter plot of the correlation between CBF values and MMSE scores in different brain regions. Scatter plot of correlation between CBF and MMSE in temporal lobe of patients with T2DM (A); scatter plot of correlation between parietal CBF and MMSE in patients with T2DM (B); scatter plot of correlation between CBF and MMSE in patients with T2DM (C); scatter plot of correlation between CBF and MMSE in patients with T2DM (D), with statistically significant difference at P <0.05.






Discussion

In this study, we investigated the differential performance of cerebral WMH and CBF in patients with T2DM with MCI. Our study found that the T2DM-MCI group and the T2DM-nMCI group did not show significant differences in total cerebral WMH volume and regional brain volume. And CBF was significantly lower in the temporal, parietal, occipital, and hippocampal regions of the T2DM-MCI group. These regions are closely related to higher cognitive functions such as memory, attention, and executive function. ROC analysis further showed that CBF, particularly in the hippocampal region, had high diagnostic efficacy. The correlation between CBF and MoCA scores, as well as MMSE scores, further supports its significant value in assessing cognitive function. These results suggest that functional alterations in CBF may precede the appearance of structural damage, such as cerebral WMH, and may become an important imaging marker for the early prediction of MCI in patients with T2DM.

Cerebral WMH is an important structural marker of brain aging and cerebrovascular disease, and has been widely recognized as being closely associated with cognitive dysfunction (8). In patients with T2DM, chronic hyperglycemia may accelerate cerebral WMH through mechanisms such as microangiopathy, chronic inflammation, and oxidative stress (13). Previous studies have shown that increased high signal burden in the brain white matter of T2DM patients is closely associated with cognitive decline (14, 15), while others have shown no significant correlation between the two (16). This study also did not find significant differences in the total volume of cerebral WMH and regional brain volume between the T2DM-MCI and T2DM-nMCI groups. This may be related to the fact that the formation of cerebral WMH is a slow, cumulative process, which occurs more in the middle to late stages of cognitive dysfunction rather than in the early stages. Thus, cerebral WMH may not be a sensitive early predictor of MCI associated with T2DM. Nonetheless, cerebral WMH are still valuable in reflecting the state of cerebrovascular health.

Alterations in CBF appear earlier than structural indicators, such as cerebral WMH, suggesting early impairment of local neurometabolic and microvascular function. This makes 3D-ASL uniquely suited for the early identification of cognitive impairment. 3D-ASL utilizes radio frequency pulses to magnetically label arterial blood protons, integrates 3D imaging with background suppression, and enables non-invasive, whole-brain quantitative blood flow measurement. This technology has the significant advantage of avoiding radiation exposure compared to PET-CT and SPECT, making it more suitable for repeat testing and dynamic observation. The results of relevant studies show that there is no significant difference between CBF maps based on ASL and SPECT, and ASL is more sensitive to hemodynamic changes, which can be considered to be at a higher clinical level (17).

In this study, we utilized 3D-ASL technology to quantify CBF distribution in a noninvasive manner and found that total CBF and CBF in the temporal, parietal, occipital, and hippocampal regions were significantly lower in T2DM-MCI patients than in T2DM-nMCI patients. It has been shown that CBF values assessed by ASL correlate with MCI (17, 18) and AD (19). Multiple interconnected pathways through which CBF alterations may drive cognitive decline in T2DM: 1) Neurovascular coupling disruption: The brain’s ability to dynamically regulate CBF in response to neuronal activity (neurovascular coupling) is impaired in chronic hyperglycemia (20). Our observed hippocampal CBF reductions may reflect this decoupling, particularly in metabolically demanding regions. 2) Blood-brain barrier (BBB) breakdown: Altered CBF is also a significant mechanism contributing to cognitive decline in patients with T2DM. Microvascular and macrovascular complications in diabetic patients lead to reduced blood flow to the brain, thereby affecting the energy supply to brain tissue and impairing neural function. In a hyperglycemic state, the accumulation of advanced glycation end products damages vascular endothelial cells and neuronal cells, further exacerbating neuropathy in diabetic patients (21). And the present study found that reduced total cerebral CBF was associated with mild cognitive dysfunction, further demonstrating that CBF may be an important biomarker for cognitive dysfunction. Moreover, the functional changes identified in our study are closely related to higher cognitive functions, with the temporal lobe and hippocampus primarily responsible for memory encoding and retrieval, the parietal lobe involved in attention and executive functions, and the occipital lobe involved in processing visual information. Decreased CBF suggests impaired localized neurometabolic and microvascular function. Reduced CBF in the temporal, parietal, occipital, and hippocampal regions have been widely reported in Alzheimer’s disease (22, 23) and in patients with MCI (10–12), with decreased CBF in these regions recognized as an important imaging hallmark for individuals at high risk for Alzheimer’s disease. The diagnostic value of temporal lobe and hippocampal CBF has also been validated in patients with MCI in T2DM (7, 24), which is further supported by our study. And our study evaluated the diagnostic efficacy of CBF for MCI in four regions for the first time. Among these, CBF in the hippocampus is not only an important marker of MCI in T2DM (25, 26), but is also associated with memory and executive function performance (27). It may also serve as a target for early intervention. Our study further suggests that CBF in the hippocampus has the best diagnostic efficacy for MCI.

Traditional cognitive assessment scales have significant advantages in screening for cognitive dysfunction, but as behavioral scales, they are unable to capture microstructural and functional changes in brain tissue, particularly in the early stages of cognitive impairment. CBF measured by 3D-ASL can compensate for this limitation and provide neuroimaging evidence that traditional scales cannot. On the other hand, while previous studies have shown an association between elevated CBF and better cognition and mobility (28–30), our study found significant positive correlations between CBF values in the temporal lobe, parietal lobe, occipital lobe, and hippocampus with MoCA scores in patients with T2DM, and significant correlations between CBF values in the temporal lobe and parietal lobe and MMSE scores in patients with T2DM. The significant link between CBF and MCI was not only emphasized but also focused on different brain regions, further highlighting the importance of a comprehensive assessment that combines advanced imaging techniques with traditional scales, and providing theoretical support for the early identification and intervention of MCI associated with T2DM.

There are some limitations in this study: Firstly, this was a pilot study with small size at a single tertiary center, which may not effectively represent the broader population of T2DM patients, introducing some selection bias. This underscores the need for larger validation cohorts. Secondly, the T2DM-MCI group exhibited longer diabetic duration (median 10 vs. 2 years) approaching statistical significance (P=0.056). Prolonged diabetic duration elevates risk of microvascular and macrovascular complications, potentially impairing CBF and cognition, which might impact our experimental findings. Thirdly, our ROC-derived hippocampal CBF threshold (41.165 ml/100g/min) demonstrated good diagnostic accuracy (AUC=0.813). But the generalizability of this finding as a clinical standard needs to be verified in larger-scale and multi-center study. Finally, this study is cross-sectional, while this study identified alterations in CBF in different brain regions in T2DM patients with MCI, the causal relationship between the onset of MCI and changes in CBF was not explored and future longitudinal studies with a follow-up period are needed to investigate the correlation between CBF reduction and cognitive dysfunction at different stages of disease progression in T2DM patients with MCI.

In conclusion, our study found that CBF based on 3D-ASL measurements might an important functional marker for the early identification of MCI in patients with T2DM, especially in the hippocampal region, which shows high diagnostic efficacy. CBF was significantly correlated with MoCA and MMSE scores, and the use of imaging techniques in conjunction with traditional behavioral scales may positively impact the diagnostic accuracy of MCI.
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Gestational diabetes mellitus (GDM) is one of the most common endocrine-related complications during pregnancy, and its prevalence has increased over the past three decades. GDM adversely affects the maternal cardiovascular system, umbilical–placental blood perfusion, and fetal blood flow. We conducted a comprehensive literature search and systematically evaluated and synthesized cardiovascular changes in the mothers, umbilical–placental circulation, and the progeny following exposure to GDM. Multiple pathophysiological mechanisms underlying cardiovascular alteration were investigated, including endothelial dysfunction, insulin resistance, oxidative stress, ion channel abnormalities, inflammation, angiogenic imbalance, and epigenetic modifications. These findings provide valuable insights for developing early intervention strategies and therapeutic approaches to mitigating cardiovascular risks in both mothers and offspring following GDM exposure.
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1 Introduction

Gestational diabetes mellitus (GDM) represents the most prevalent metabolic and endocrine disease during pregnancy, affecting approximately 20% of pregnant women in Southeast Asia (1). GDM significantly contributes to increased perinatal morbidity and elevates the risks of adverse outcomes for both mothers and their offspring. The developmental origins of cardiovascular diseases have gained increasing recognition, with numerous studies demonstrating GDM-associated cardiovascular alterations in the mothers and offspring (2, 3). The impacts of GDM on the cardiovascular system and its potential underlying mechanisms have been extensively investigated through both clinical studies and experimental research using animal models. The umbilical–placental circulation, which serves as a crucial link between mother and fetus under GDM conditions, has emerged as a focal point in contemporary research. With the rising global prevalence of GDM, there is a corresponding increase in the risks of GDM-associated cardiovascular complications in both mothers and offspring (4). It is of significant scientific and clinical importance to synthesize existing studies on cardiovascular changes and their underlying mechanisms in the mothers and offspring exposed to GDM, which would enhance our understanding of GDM-induced cardiovascular pathophysiology and potentially identify novel approaches for early prevention and treatments of these disorders. Drawing upon an extensive body of literature, this review firstly exhibited the structural and functional alterations in the cardiovascular system among the mothers, offspring, and umbilical–placental circulation following GDM exposure.




2 Changes in the cardiovascular system after exposure to GDM



2.1 Cardiovascular changes in the mothers

Comprehensive analyses have demonstrated a significant positive association between GDM and cardiovascular diseases (CVDs) (2, 5). Pregnant women with GDM have a higher risk of developing pregnancy-induced hypertension or preeclampsia than those without GDM (6). Accumulating evidence indicates that women with a history of GDM have an elevated risk of developing cardiovascular complications, including coronary artery disease, atherosclerosis, myocardial infarction, ischemic stroke, peripheral artery disease, and heart failure later in life (7–9). These associations will be reviewed in the following sections.



2.1.1 Heart

Women with current or previous GDM have been demonstrated to exhibit subclinical cardiac dysfunction. Clinical studies have revealed that women with current or previous GDM have significant impairments in systolic function and diastolic function of the left ventricle, characterized by decreased global longitudinal strain (GLS, whether endocardial GLS or epicardial GLS) and an increased mitral valve E/E′ ratio (10–12). Cardiac output, ejection fraction, ventricular mass, heart rate, and stroke volume remained unchanged in women with GDM during the second and third trimesters of pregnancy (11, 13, 14). However, in women with a history of GDM, cardiac output and stroke volume were lower, while ejection fraction was higher than that in the control group (12, 15). There were reduced GLS, myocardial deformation, end diastolic/systolic volume, and pulmonary acceleration time in the right ventricle of women with GDM (13, 16), demonstrating the impact of GDM on cardiovascular function. The majority of existing studies have consistently demonstrated that volume, area, contraction function, and ejection fraction of the left atrium were not significantly changed in women with GDM throughout pregnancy (10, 11). Only a few studies have reported either unchanged or decreased left atrial reservoir and conduit strain in women with GDM (17). GDM pregnancies have shown a deterioration of the entire process of ventricular depolarization and repolarization, including increased QT dispersion and a shortened QRS complex (18). Women with a history of GDM demonstrated significantly reduced coronary flow velocity reserve values compared to healthy controls (12). In general, the observed cardiac changes in women with current or previous GDM did not meet established diagnostic criteria for clinical cardiac dysfunction in adults, which were classified as subclinical cardiac abnormalities.




2.1.2 Blood pressure

Women with current or previous GDM are more likely to develop hypertension. Numerous studies have demonstrated that women with current or previous GDM exhibited elevated systolic blood pressure and mean arterial pressure (10, 13, 15). However, this finding remains controversial, as some studies have reported no significant differences in blood pressure during pregnancy and postpartum (11, 19, 20). Compared to the control group, peripheral vascular resistance in women with current or previous GDM remained increased and unchanged (10, 14). These discrepancies might be attributed to variations in study population characteristics, such as gestational weeks (GWs) and sample sizes. Asma et al. reported that among 6,841 pregnancies, the 105 cases who developed GDM had significantly higher systolic blood pressure after adjustment for maternal characteristics during GW 11–13, which might serve as a potential predictor for GDM diagnosis (21).




2.1.3 Uterine artery

The uterine artery plays a crucial role in supplying blood flow to the developing fetus throughout gestation. The pulsatility index has shown inconsistent patterns when comparing GDM with normal pregnancies, including a decrease, an increase, and no changes (19, 22, 23). The resistance index was elevated in GDM pregnancies and leptin-mutation-developed GDM mice (24, 25). Compared to the control group, the ratio of peak systolic velocity to end-systolic blood flow velocity and blood flow were remarkably higher in GDM pregnancies during GW 24–31 (24), while both peak systolic velocity and diastolic velocity were significantly lower. The sensitivity of endothelium-dependent relaxation was significantly impaired in GDM mice (25). Throughout the trimesters, uterine arteries in GDM pregnancies underwent significant changes, and further studies are required to validate these findings. Dysfunction of the uterine artery impairs the utero-placental perfusion and the fetal development. It is still an important question regarding the relationship between uterine artery functions/dysfunction and fetal body weight/growth restriction in GDM.




2.1.4 Carotid artery

In most clinical studies, carotid-femoral pulse wave velocity was increased in women with GDM both during and after pregnancy (26, 27), indicating aggravating arterial stiffness. Women with GDM during pregnancy or a history of GDM had increased carotid intima-media thickness (CIMT), a recognized surrogate marker for future CVD and subclinical atherosclerosis (28, 29). Endothelial function parameters, including the pressure-strain elasticity coefficient, the common carotid stiffness index (β), and the augment index of bilateral common carotid arteries, were significantly elevated in GDM pregnancies, whereas arterial compliance was significantly lower in these patients (27, 30). No significant postpartum differences were observed in the β value and carotid elasticity between the two groups. Overall, the distensibility and elasticity of carotid artery were significantly lower in women with GDM and post-GDM women (31), suggesting an increased risk of subclinical atherosclerosis and stroke (32).




2.1.5 Ocular artery

The vessel density in the central fovea of the superficial and deep retina was remarkably lower in GDM gravidae (33). The central retinal venous diameter was higher, but the artery-to-vein ratio was lower in GDM pregnancies near term (33). The maximum diastolic velocity was significantly higher, while the resistance index was lower in the ophthalmic arteries of women with GDM at GW 28–32 (34). At GW 35–37, women with GDM have been shown to have significantly higher peak systolic velocity ratio in the ophthalmic artery (14). However, some studies reported no significant differences in ophthalmic artery indices in women with GDM, such as the peak systolic velocity ratio delta, pulsatility index, resistance index, peak velocity ratio, peak systolic velocity, and end-diastolic velocity (10, 35). The inconsistent results might be attributed to individual differences (such as GWs and metabolic status) and variations in sample sizes.




2.1.6 Other arteries

The augmentation index, assessed at brachial and radial arteries, has shown inconsistent patterns in women with current or previous GDM. While some studies reported significantly increased augmentation index values, others demonstrated no significant changes compared to healthy controls (21, 36). Pulse wave velocity in the upper limb and aorta was significantly higher in GDM pregnancies at GW 11–13 (21) and in post-GDM women at 5-year follow-up (37). Distensibility of brachial artery was lower in the women with GDM history (31). While some studies reported comparable flow-mediated dilation between GDM and normal pregnancies (38), others have identified lower flow-mediated dilation in post-GDM women compared to the control group (31, 39). Additionally, in GDM mice, maximal endothelium-dependent relaxation was decreased in mesenteric arteries (25). In hypercaloric diet-induced GDM rat, contractile response was impaired, accompanied by altered protein expression of angiotensin type 1 and 2 receptors and cyclooxygenase in the aorta (40). These findings indicate that women with GDM exhibit increased arterial stiffness and impaired vascular function, which may contribute to the increased risk of preeclampsia.

In summary, current evidence strongly supports a significant association between GDM and increased CVD risk in women, including hypertension, coronary artery diseases, atherosclerosis, and subclinical cardiac dysfunction.





2.2 Cardiovascular changes in the progeny

The Barker hypothesis, also known as the developmental origins of health and disease theory, proposes that adverse factors in utero significantly increase risks of CVDs in the offspring (41). Compared to the control group, GDM fetuses are exposed to higher blood glucose in utero, and GDM offspring have been shown an increased risk of congenital heart disease (42) and other CVDs (43). Maternal diabetes during pregnancy increases the rates of early onset of CVDs, particularly hypertension in offspring. GDM exerts long-term effects on offspring blood vessels (cerebral artery, carotid artery, pulmonary artery, aorta, mesenteric artery, and other arteries), both structurally and functionally.



2.2.1 Heart

The majority of studies have demonstrated that fetuses and neonates exposed to GDM had reduced mitral E/A ratio, increased interventricular septal thickness, elevated myocardial performance index, and prolonged isovolumic relaxation time and isovolumic contraction time (44–46). Structural cardiac alterations increased the risk of developing hypertrophic cardiomyopathy and contributed to cardiac systolic and diastolic dysfunction in GDM offspring (47–49). Furthermore, emerging evidence suggests that the right ventricle was more impaired than the left ventricle in GDM offspring (47, 49–51). The right ventricular predominance might be a potential early marker for detecting fetal cardiac dysfunction (48). However, a few studies reported no significant alteration in left ventricular systolic function, myocardial performance index, or E/A ratio in fetuses exposed to GDM (46). The impact of GDM on fetal heart rate remains inconsistent, with reports of both unchanged and increased rates (45, 52). Notably, one study proposed that during the first trimester, fetal heart rate might be highly predictive of GDM (53).




2.2.2 Blood pressure

GDM offspring had higher prevalence of hypertension (43, 54). Children exposed to GDM in utero had elevated systolic blood pressure from 3 years of age (43, 54–57), rather than during the first year of life (58). Streptozotocin diabetes in the pregnant animals resulted in hypertension in adult offspring, with elevated blood pressure from 24 weeks of age and persisting elevated throughout 30 weeks (59). The association between GDM and higher blood pressure remained solid only in male offspring (55), and not in female offspring (60, 61). These findings collectively suggest that GDM-related hypertension in offspring is both age-dependent and sex-dependent.




2.2.3 Cerebral artery

Fetus exposed to GDM demonstrates the hemodynamic alterations, with studies reporting decreased peak systolic velocity in middle cerebral arteries (24, 62, 63) and no significant changes (64). The complicated results were observed in other hemodynamic indices, such as systolic/diastolic ratio, resistance index, and pulsation index (24, 64, 65). Comparative studies reveal that children aged 9–11 years with GDM exposure had increased hypothalamic blood flow (66). Maternal high-sucrose diets consumption during pregnancy induced alterations in cerebral artery function in offspring (67).




2.2.4 Carotid artery

As a primary conduit for cerebral blood supply, the carotid artery exhibits significantly structural and functional changes in GDM progeny. Following intrauterine exposure to GDM, CIMT in neonates was increased or unchanged (68–70). Higher levels of fasting plasma glucose at 26 weeks of gestation were strongly related to increased CIMT in their offspring at the age of 6 years (71).




2.2.5 Pulmonary artery

Maternal hyperglycemia inhibited pulmonary vasculogenesis during fetal development (72). During pregnancy, there was no significant difference in acceleration time and acceleration time/ejection time (73). At 1 year of age, the acceleration time of the pulmonary artery in children born to GDM mothers was significantly lower (74).




2.2.6 Aorta

Previous studies found that in human fetuses exposed to GDM, the propagation velocities of the aortic arch were reduced at GW 34–40 (75). In 3- to 5-day-old human infants born to mothers with diabetes, the intima media thickness of the abdominal aorta was increased, while in 1-year-old offspring of women with GDM, it was not (58, 76). There was an increased aortic augmentation index in the GDM offspring (71). When compared with the aorta of the control offspring, KCl-, endothelin-1-, and noradrenaline-mediated vasoconstriction was potentiated and acetylcholine-mediated vasodilation was reduced in streptozotocin-induced female offspring but not in the male offspring, indicating that GDM programs gender-specific vascular dysfunction in the aorta (77).




2.2.7 Mesenteric artery

The mesenteric vasculature is closely associated with blood pressure, as it constitutes a component of systemic resistance arteries. Offspring of maternal diabetes during pregnancy showed an impaired endothelium-dependent relaxation in mesenteric arteries (25, 59), whereas relaxation to sodium nitroprusside remained unchanged (78). Adult offspring exposed to maternal diabetes during pregnancy had enhanced sensitivity to noradrenaline (78). Maternal high-sucrose diets accelerated vascular stiffness in the aged offspring, characterized by weakened myogenic responses and reduced phenylephrine-stimulated contraction (79).




2.2.8 Renal arteries

Doppler ultrasound analysis revealed that the systolic/diastolic ratio, resistance index, and pulsatility index were increased in the renal artery of GDM fetuses (65, 80). Neonates of mothers who maintained strict normoglycemia control during pregnancy and met the other criteria of the GDM management program exhibited no changes in renal volumes, urinary biomarkers of renal functions, or markers of tubular impairment compared to the control group. Conversely, neonates of mothers who did not maintain glycemic control and were non-compliant with the management program exhibited significantly lower renal volumes and higher activities of N-acetyl-β-D-glucosaminidase and cathepsin B (81).




2.2.9 Others

High glucose exposure during pregnancy inhibited the development of the blood vessel plexus and resulted in narrower blood vessel diameter in chick embryo (82).

In conclusion, GDM has been shown to exert both short-term and long-term effects on offspring circulation, which may be age-dependent and gender-specific. The development of CVDs in GDM offspring may be attributed to maternal hyperglycemia. Thus, glycemic control during pregnancy is vital for the cardiovascular health of GDM offspring.





2.3 Umbilical–placental circulation

Umbilical–placental circulation is essential for material exchange between the mother and fetus, typically comprising one umbilical vein, two umbilical arteries, stem placental villi, intermediate villi, and terminal villi. In normal pregnancies, the structure of chorionic villi ensures proper nutrient delivery to the fetus.

GDM is a pathology associated with vascular dysfunction in umbilical–placental circulation. In GDM, placental villi exhibit hypoplasia, with immature villi, abnormal villi branching, and excessive neovascularization (83). It is characterized by an increased distance between the intervillous space and fetal capillaries in the GDM placenta (84). The microvilli of the GDM placenta were disorganized and locally hyperplastic, with some areas showing sparse or even absent microvilli (85). The endoplasmic reticulum and mitochondria of trophoblast cells were significantly swollen, the basement membrane was thickened, and there were varying degrees of hyperplasia in the small placental arteries (83). The barrier integrity of placental vessels was compromised in GDM (86). The structural alterations in placental blood vessels seriously impair blood and oxygen supply between the placenta and fetus, and may be one of the key factors contributing to adverse pregnancy outcomes in GDM (87).

Bahiru et al. reported histopathologic changes in GDM, including umbilical cord crack, disintegration of the endothelium, and crack of umbilical vessels. Endothelial cells in GDM umbilical cords were discontinuous with focal erosions (88). Smooth muscles of GDM umbilical blood vessels appeared disturbed and showed degeneration of their strands (89). The media of GDM umbilical artery showed smooth muscle cells widely separated by connective tissue containing little collagen and few elastic fibers, along with mononuclear cell infiltration. The GDM umbilical vein has a thinner wall and a wider lumen (90).

Alterations in umbilical–placental vessel structures are closely associated with blood flow and vascular tone. Pregnancies complicated by GDM exhibited significantly lower placental volume, vascularization index, and vascularization flow index in the placenta compared to the control group during the first and second trimesters (23, 91). Most studies found that hemodynamic indices of the GDM umbilical artery, such as peak systolic velocity/end-systolic blood flow velocity, resistance index, and pulsation index, were reduced in the third trimester (65, 92). However, Cui et al. reported higher peak systolic velocity/end-systolic blood flow velocity, resistance index, and pulsation index values in the GDM umbilical artery during the third trimester, and also significantly lower peak systolic and minimum diastolic velocities (24). GDM was also reported to have no association with abnormal Doppler indices of placenta circulation (93). One possible explanation for that discrepancy is the existence of individual differences and the varying levels of maternal hyperglycemia.

Miroslav et al. found that in the GDM umbilical artery, cumulative concentrations of 5-HT-mediated vasoconstrictions were significantly attenuated (94), and the concentration–response curve for bradykinin was shifted to the left after endothelial denudation (95). Omar et al. noted that placental vasodilation caused by progesterone via cyclic adenosine monophosphate was significantly reduced (96). Abnormal vessel tone of the umbilical–placental circulation might decrease placental perfusion and the blood flow to the fetus.

Abnormal umbilical–placental circulation in GDM might be one of the most important reasons for cardiovascular changes in progeny and in women.





3 Mechanisms in GDM-related cardiovascular changes

Cardiovascular changes in women with GDM and their offspring were correlated with endothelial dysfunction, insulin resistance, oxidative stress, ion channels, inflammation, angiogenesis, and epigenetic inheritance. These mechanisms could be crucial for the better management of cardiovascular changes in GDM.



3.1 Endothelial dysfunction

Endothelial dysfunction is considered to be a hallmark of vascular disorders. Endothelial dysfunction is widely observed in GDM pregnancies, post-GDM women, the umbilical–placental circulation, and their offspring. Thus, it could be one of the mechanisms underlying GDM-induced CVDs.

GDM pregnancy exhibited impaired endothelium-dependent relaxation to methacholine in mesenteric arteries (25), along with decreased circulating endothelial progenitor cell counts (97), and modified endothelial function markers, such as nitric oxide (NO) and endothelial nitric oxide synthase (eNOS). Reduced bioavailability of NO is a consensus among researchers studying GDM (98). Women with previous GDM displayed lower flow-mediated dilation (39), higher values of markers of endothelial dysfunction, such as E-selectin and intercellular adhesion molecule-1 (ICAM-1) (99), and decreased levels of L-arginine (a critical substrate for NO synthesis) (100). These findings indicated that GDM-related endothelial dysfunction could persist into postpartum.

The umbilical–placental circulation is considered to be part of fetal circulation. Endothelial rupture and erosion were observed in umbilical vessels from GDM pregnancies (88). Fetal endothelial progenitor cells exposed to hyperglycemia in vivo or in vitro formed fewer colonies in culture, and displayed reduced proliferation, migration, and tubule formation (101). Endothelium-dependent relaxation to calcitonin was weaker in GDM umbilical veins than that in the control group (102). When compared to the control group, NO synthase activities were decreased in GDM stem villous vessels (103). The offspring from mothers with diabetes exhibited impaired endothelium-dependent relaxation in mesenteric arteries (59), decreased NO production and lowered eNOS phosphorylation in blood vessels (104), and reduced eNOS functions in regulating vessel tone (105). Thus, it is suggested that GDM-related endothelial dysfunction in the progeny may originate from the prenatal period.

However, there were significantly higher circulating endothelial functional and dysfunctional markers, including von Willebrand factor and eNOS, in GDM umbilical plasma (75, 97). In primary feto-placental endothelial cells from GDM pregnancies, there was a decrease in ICAM-1, a marker of endothelial dysfunction (106). Human umbilical vein endothelial cells (HUVECs) from GDM pregnancy or HUVECs exposed to hyperglycemia showed significantly increased L-arginine transport, enhanced human cationic amino acid transporter-1, and eNOS expression and activities (98, 107, 108). The inconsistent findings may be attributed to different tissues studied and different levels of glycemic control.

The increased circulating endothelial functional markers could originate from the umbilical–placental endothelium. Exosomes isolated from HUVECs of normal pregnancies could inhibit the changes in HUVECs from GDM pregnancies mentioned above. Conversely, exosomes from GDM HUVECs reduced eNOS phosphorylation and increased reactive oxygen species (ROS) generation in cells from normal pregnancy (108). Insulin could reverse GDM-related endothelium abnormalities (109) via activation of insulin receptors (110), A1 adenosine receptors (109), and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (111). The inhibition of endoplasmic reticulum stress and reduction of ROS levels could increase NO production and restore endothelium-dependent vasodilation in offspring of mothers with diabetes (59, 104).




3.2 Insulin resistance

Insulin resistance is a pathophysiological condition in which organs do not respond appropriately to insulin, observed in GDM pregnancies, post-GDM women, and GDM offspring, and the GDM umbilical–placental circulation (77, 112–116). Changes in insulin signaling pathways (Figure 1), such as insulin receptors and substrates, MAPK, JNK, PI3K, AKT, and mTOR, contribute to insulin resistance in GDM (117). In the plasma of women with GDM pregnancy and their offspring, there were alterations in insulin resistance-related factors, such as elevated leptin (118), tumor necrosis factor-α (TNF-α), asprosin (116), and resistin (119). The GDM placenta had increased levels of glucose transporter-4 and glucose transporter-8, and decreased levels of glucose transporters-3, which were one of the mechanisms of insulin resistance (120).
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Figure 1 | Role of insulin signaling pathway in cardiovascular changes in GDM. Alterations in insulin receptors (IR), insulin receptor substrate proteins 1/2 (IRS1/2), and PI3K-Akt-mTOR pathway contribute to insulin resistance, which has been observed in women with GDM and their offspring. MicroRNAs (miRNAs) can regulate insulin signaling by targeting IRS1/2. Insulin resistance impairs angiogenesis and endothelial dilation, thereby increasing the risk of developing cardiovascular diseases in GDM.

Flow-mediated dilation in brachial arteries in women with previous GDM was correlated inversely with serum markers of insulin resistance (39). Insulin resistance was found to be associated with vascular dysfunction (especially endothelium dysfunction) and arterial stiffness (121–124), thereby increasing the risks of developing CVDs. Increased maternal insulin resistance had a negative impact on placental efficiency in GDM cases (125), which may be due to the expansion of immature villi (126). Astaxanthin and naringenin have the potential to attenuate GDM symptoms by improving insulin sensitivity during pregnancy through adenosine 5′-monophosphate-activated protein kinase (127, 128).




3.3 Oxidative stress

Oxidative stress increases during gestation, and the placenta is considered to be the primary source of ROS generation (129). In the offspring and maternal tissues of GDM pregnancies, there were increased markers of oxidative stress, such as higher levels of circulating free radical production in the mothers and offspring, and reduced catalase activity in the placenta and fetus (59, 130–132).

Maternal hyperglycemia is regarded as an important cause of oxidative stress in GDM. Hyperglycemia contributes to increased ROS synthesis in endothelial cells. HUVECs from GDM showed an increased ROS synthesis, and HUVECs from normal pregnancies exposed to a high extracellular concentration of D-glucose increased NOX-dependent ROS generation (133, 134). Hyperglycemia stimulated ROS production through glucose autoxidation, mitochondrial superoxide production, eNOS uncoupling, and late glycosylation end product-dependent NADPH oxidase activation (135).

Oxidative stress in GDM pregnancy could increase cardiovascular risks in the mother and fetus, via endothelial dysfunction, decreased NO bioavailability and inflammation, and altered ion channel activities (Figure 2). ROS increased 4-hydroxynonenal production and damaged the development of coronary artery in pre-gestational diabetes fetus (136). Increased ROS and NADPH activities might cause endothelial dysfunction via the protein kinase C pathway in GDM mothers and their fetuses (137). ROS was found to induce an increase in inflammatory factors, such as interleukin-6 (IL-6) and TNF-α, which were implicated in GDM placental vascular endothelial dysfunction (138, 139). In the offspring exposed to maternal hyperglycemia, NOX4-derived superoxide inhibited large-conductance Ca2+-activated potassium channel (BKCa) activities via the AKT pathway (140). ROS affected transient receptor potential (TRP)-type Ca2+-permeable non-selective cation channels by targeting both membrane lipids and channel proteins in the term syncytiotrophoblast (141). ROS increased the expressions of multiple growth factors and activated multiple stress signals such as JNK and Pim-1, leading to smooth muscle cell proliferation, and regulated angiogenesis through NF-κB/TNF-α signaling pathway and related factors such as IL-6, ICAM-1, and vascular endothelial growth factor (VEGF) (142).
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Figure 2 | Role of reactive oxygen species (ROS) in cardiovascular alterations in GDM. Hyperglycemia and insulin resistance induce excessive ROS production in GDM via NADPH oxidase (NOX). Elevated ROS levels in GDM impair endothelial cell function, smooth muscle cell proliferation, vasoconstriction, and angiogenesis. ROS mediates the production of advanced glycation end products (AGEs), thereby increasing the risk of atherosclerosis. Furthermore, ROS promotes inflammatory cell recruitment and inflammation in GDM.




3.4 Ion channels

Cation channels, such as K+ and Ca2+ channels, play an important role in the regulation of vessel tone. Li et al. demonstrated that ATP-sensitive potassium channel (KATP) currents and KATP channel-mediated relaxation were impaired in GDM umbilical arteries (143). Djokic et al. found that a K+ channel opener, pinacidil, reduced relaxation in endothelium-denuded HUV compared to those from normal pregnancy, while the expression of KATP channels was decreased in GDM umbilical veins (144). BKCa current density in human umbilical artery smooth muscle cells was significantly reduced, and vasodilation mediated by BKCa agonist NS-1619 was significantly impaired in GDM (145). Changes in inwardly rectifying potassium channel and small-conductance calcium-dependent potassium channel were associated with attenuated bradykinin-mediated contraction in GDM umbilical arteries (95). Some studies reported that polymorphisms of KCNQ1 (rs2237892, rs2237895, and rs2074196) and KCNJ11 (E23K) were associated with GDM (146–149), but others found that gene polymorphisms of KCNJ11 (rs5219) and KCNQ1 (rs2237892, rs151290, rs231841, and rs7929804) were not significant risk factors for the development of GDM (150–152).

Heather found that the reduced rate of Ca2+ bursting in GDM umbilical vein endothelial cells inhibited the functions of NO, thereby leading to vascular dysfunction (153). Moreover, Miroslav et al. found that serotonin-mediated vasoconstriction was significantly attenuated in GDM umbilical arteries, which was associated with the impairment of voltage-gated Ca2+ channels and Na+/K+-ATPase (94). Furthermore, in GDM placenta, mRNA expressions of calcium transporters were downregulated, including TRPV5 and TRPV6, calcium-binding/chaperone proteins, plasma membrane calcium ATPase, inositol triphosphate receptors, and ryanodine receptors (154).

Maternal high-glucose diets during pregnancy altered the frequency and amplitude of BKCa channels, as well as L-type voltage-dependent Ca2+ channel currents in the offspring vasculature (155). Hyperglycemia affected the activities of ion channels in vascular smooth muscle (156). Altered functions, expressions, and polymorphisms of ion channels could contribute to the increased risks of developing CVDs in GDM. The role of ion channels in GDM has primarily been studied in human umbilical and placental vasculature, which is functionally analogous to fetal vasculature and provides insights into offspring cardiovascular programming.




3.5 Inflammation

Inflammatory factors play a key role in the process of GDM and GDM-mediated vascular changes. Many inflammatory factors are closely linked to GDM-mediated vascular injury, including C-reactive protein (CRP), ICAM-1, vascular cell adhesion molecule-1 (VCAM-1), and IL-6, among others (157).

Many studies demonstrated that CRP was increased in maternal serum, cord serum, and the placenta of women with GDM (158–161). Higher circulating CRP may predict the risk of GDM development. CRP was one of the significant independent predictors of developing preeclampsia in women with GDM (162). Insulin administration significantly reduced CRP concentration and ameliorated aortic injury in streptozotocin-mediated diabetic rats (163).

ICAM-1 was viewed as a symbol of endothelial dysfunction leading to vascular disorders, and its level was increased in GDM maternal serum and the umbilical–placental circulation (98, 164). Exposure to high glucose could enhance ICAM-1 expression in HUVECs by increasing the release of exosomes (165). Increased ICAM-1 significantly promoted monocyte adhesion to decidual endothelial cells in diabetic pregnancies, which could be inhibited via ICAM-1 silencing (166). In GDM umbilical cords and placental vessels, the immunostaining intensity of ICAM-1 was decreased compared to the control group (164). ICAM-1 protein was lower in primary feto-placental endothelial cells from GDM pregnancy when compared with the control group (106). Decreased ICAM-1 caused by elevated miR-130b-3p from GDM-placenta mesenchymal stem cell-derived exosomes participated in the inhibition of HUVEC proliferation, migration, and angiogenesis (167). Altered ICAM-1 plays an important role in GDM vascular pathology.

VCAM-1 was increased in the maternal serum, umbilical cord, and placenta of patients with GDM (98, 168, 169). After delivery, circulating VCAM-1 remained increased in women with GDM (170). VCAM-1 mRNA and protein levels were unchanged in primary feto-placental endothelial cells from GDM pregnancy when compared with the normal group (106), although other reports showed that VCAM-1 was increased in GDM placenta (171). High glucose stimulated the expression of VCAM-1 in HUVECs (168). Previous studies demonstrated that increased ICAM-1 and VCAM-1 were the first critical step for lymphocyte and endothelial cell interactions (172). Increased VCAM-1 primed diabetic vasculature to have enhanced interaction with circulating monocytes in human endothelial cells cultured with advanced glycation end products (173).

In GDM maternal blood and umbilical cord blood, IL-1β and IL-6 were increased or unchanged (174–178). Moreover, on the third day postpartum, women with GDM were found to have higher circulating IL-1β levels (176). Additionally, GDM placenta showed increased IL-1β and IL-6 expression (159, 179). Increased IL-1β and IL-6 were associated with vascular dysfunction in retinal arteries (180) and in forearm skin vessels (181) from GDM pregnancies. The interaction of IL-6 and TNF-α contributed to endothelial dysfunction in diabetic mice via oxidative stress and reduced eNOS phosphorylation (182). There were decreased IL-37 in the GDM umbilical–placental system (183). IL-37 inhibited the progression of vascular calcification and atherosclerosis in diabetes (184). There were also many changes in inflammatory factors in GDM, such as TNF-α, IL-10, IL-8, and IL-38. Inflammatory factors could affect endothelial functions and vascular calcification, which might finally lead to vascular disease in GDM. More studies are needed to clarify the role of inflammatory factors in GDM vascular dysfunction.




3.6 Angiogenesis

Angiogenesis is a coordinated process of proangiogenic and inhibitory factors. Histopathological analysis indicates excessive angiogenesis in GDM placenta, including increased villous vascularity and elevated number of syncytial knots (185). There were commonly increased proangiogenic factors, including the VEGF-signaling pathway (186, 187), total and active membrane-type matrix metalloproteinase 1 (188), and cognate succinate receptors (189) in GDM placenta, but there was a reduction of anti-angiogenic receptor UNC5b in GDM HUVECs (190). GDM-derived trophoblast showed altered expressions of proangiogenic factors and anti-angiogenic factors (138). Hyperglycemia-induced angiogenesis changes were associated with molecules in trophoblast (191). Exposure to GDM-like conditions enhanced the proangiogenic abilities of human amniotic membrane stem cells (192).

However, some studies reported that when compared with the control group, there was a decrease in angiogenic factors and angiogenesis modulators, such as SIRT1 (193), VEGFA, and VEGFR2 in GDM placenta (194). Maternal hyperglycemia inhibited angiogenesis in fetal pulmonary arteries (72). The HUVECs from GDM pregnancies presented increased apoptosis and decreased proliferation and angiogenesis compared with those from healthy pregnancies (195). Both the GDM conditions and hyperglycemia inhibited HUVEC proliferation, migration, and tube formation via reduced FGF2-induced activation of ERK1/2, and caused apoptosis via increased calcium entry (196, 197).

Alterations in angiogenesis in GDM were closely associated with maternal hyperglycemia, which might lead to abnormal development of both the placenta and the fetus. Abnormal umbilical coiling in GDM was related to the downregulation of the angiogenic factor VEGFA (198). The inconsistent findings may be attributed to variations in tissue types and differences in GDM-like conditions. Therefore, further studies are needed to clarify the mechanisms.




3.7 Epigenetic modification

Epigenetic mechanisms, including DNA methylation, microRNAs (miRNAs), long noncoding RNAs (lncRNAs), and histone modifications, can produce heritable phenotypic changes without altering the DNA sequence.

DNA methylation is widely observed in GDM (199, 200). Exposure to GDM has been shown to alter DNA methylation patterns in human feto-placental arterial and venous endothelial cells, leading to aberrant cellular morphology and impaired barrier function in endothelial cells (201, 202). Notably, the promoter region of estrogen receptor 1 was found to be methylated in decidual vessels of healthy individuals, but not in GDM (203). DNA hypermethylation of HDAC2 was significantly more pronounced in GDM-HUVECs compared to control-HUVECs (204). Sun et al. further demonstrated that the abundance of 5-hydroxymethylcytosine (5hmC) in the umbilical vein of women with GDM was altered, a change linked to DNA methylation-related plasticity through oxidation mediated by ten-eleven translocation enzymes (205). These alterations in DNA methylation and 5hmC levels in GDM reflected the molecular characteristics of “type II diabetes” and “insulin resistance,” contributing to abnormal cardiovascular development and an increased risk of cardio-metabolic diseases later in life.

Multiple miRNAs are reported to play roles in cardiovascular changes associated with GDM. In a GDM rat model, inhibition of miR-873, which targeted IGFBP2, was shown to regulate insulin resistance and alleviate myocardial injury by activating the PI3K/AKT/mTOR signaling pathway, thereby mitigating the progression of GDM (206). Additionally, decreased levels of placenta-derived exosome miR-140-3p and miR-574-3p in GDM were found to inhibit the proliferation, migration, and tube formation capacity of umbilical vein endothelial cells by targeting VEGFs (207). However, miR-130b-3p exhibited an opposite effect on HUVECs compared to miR-140-3p and miR-574-3p, as its upregulation inhibited HUVEC proliferation and angiogenesis (167). Alterations in cerebrovascular functions in GDM offspring may be attributed to changes in miR-29a-3p and miR-92a-3p levels (208). Although a large number of differentially expressed miRNAs have been identified, further research is needed to elucidate the relationship between miRNAs and cardiovascular changes in GDM (209).

In GDM pregnancies, changes in circulating lncRNAs have been observed, including decreased lncRNA SNHG17 and increased lncRNA SOX2OT, which were strongly associated with adverse outcomes such as intrauterine distress and hypertension (210). Elevated levels of circVEGFC in maternal serum from GDM pregnancies might be linked to hypertension (211). Furthermore, high sucrose intake upregulated angiotensin 1 receptor expression through histone modifications, such as increased H3Ac, H3K4me3, and H3S10ph, as well as decreased H3K9me3, ultimately contributing to hypertension in aged offspring (156).

Epigenetic mechanisms may serve as mediators of persistent metabolic memory in endothelial cells exposed to hyperglycemia (204). These epigenetic modifications affect insulin resistance, angiogenesis, and vascular functions, finally leading to cardiovascular changes in GDM.





4 Prevention and treatment of GDM-related cardiovascular diseases

GDM significantly increases cardiovascular risks in both mothers and offspring. Insulin and metformin are commonly used to treat GDM, improving immediate pregnancy outcomes, and reducing the incidence of pregnancy-related hypertension (212). Metformin treatment in GDM pregnancy is associated with a reduced risk of preeclampsia (213). Additionally, treatment with metformin alone or in combination with insulin has been shown to ameliorate the increased augmentation index in the brachial arteries and aorta during GW 28–36 in GDM pregnancies (214). Insulin-treated GDM pregnancies exhibited a resistance index of umbilical arteries similar to that of the control group (92). This review summarizes the effects of exercise, dietary modification, and probiotics on cardiovascular changes associated with GDM.



4.1 Exercise

Exercise is effective for controlling blood glucose and insulin levels in GDM pregnancies (215, 216). It modestly improved cardiorespiratory fitness in both GDM pregnancies and their fetuses (217), as evidenced by elevated heart rates (218). Moderate-intensity resistance exercise has been found to be beneficial for improving blood pressure in patients with GDM (219). Exercise reduced uterine artery pulsatility indexes in GDM pregnancies (220). During exercise, women with GDM exhibited blunted cerebral oxygenation, which was correlated with macrovascular functions (221). Moderate-intensity exercise improved oxidation capacity in GDM pregnancies (220). Exercise is highly recommended for the management of GDM and has been shown to be beneficial in preventing cardiovascular damage in both mothers and their offspring.




4.2 Dietary modification

Modified dietary interventions favorably influenced maternal glycemia, insulin levels, and fetal birth weight in GDM (222, 223). Compared with the control group, there was an increased augmentation index in the brachial arteries and aorta from GDM pregnancies with diet management, which could be attenuated by treatment with metformin alone or in combination with insulin (214). The resistance index in umbilical arteries was lower in GDM pregnancies managed with diet interventions compared to the control group, whereas no significant difference was observed between the insulin-treated GDM group and the control group (92). In diet alone-controlled GDM placentas, occludin expression was lower than that in placentas from normal pregnancies and metformin-controlled GDM pregnancies (86). These findings indicated that dietary modification alone during pregnancy may not be sufficient to reverse impaired vascular functions and placental barrier integrity. However, a diet rich in monounsaturated fatty acids demonstrated favorable effects on diastolic blood pressure in women with GDM compared to a high-carbohydrate diet (224).




4.3 Probiotics

The consumption of Lactobacillus and Bifidobacterium probiotics decreased fasting plasma glucose, serum insulin levels, insulin resistance, inflammatory factors (such as CRP and IL-6), and oxidative stress markers, while probiotics significantly increased insulin sensitivity, plasma NO levels, and total antioxidant capacity in GDM pregnancies (225–227). However, some studies have reported that probiotic supplementation was not associated with a reduced risk of hypertensive disorders in GDM pregnancies (228, 229). In contrast, excessive probiotic supplementation might increase the risk of preeclampsia in women with GDM (230). The inconsistent findings may be attributed to variations in probiotic strains, dosages, timing of intervention, and individual differences. Probiotics have demonstrated a positive impact on glycemic control, and further research is needed to clarify their role in preventing CVDs in women with GDM and their offspring.





5 Conclusions

GDM exerts both short- and long-term effects on cardiovascular changes in mothers and their offspring. The influence of GDM on offspring may stem from alterations in umbilical–placental circulation and the direct consequences of maternal hyperglycemia. Endothelial dysfunction, insulin resistance, oxidative stress, ion channel abnormalities, inflammation, impaired angiogenesis, and epigenetic modifications collectively contribute to the structural and functional abnormalities of the cardiovascular system in GDM. Early diagnosis and intervention, along with strategies such as exercise, dietary modifications, and probiotics supplementation, may have beneficial effects on GDM-related cardiovascular changes.





Author contributions

ZZ: Conceptualization, Investigation, Project administration, Validation, Visualization, Writing – original draft, Writing – review & editing, Formal analysis. YZ: Conceptualization, Investigation, Validation, Writing – original draft, Writing – review & editing, Software. SH: Writing – original draft, Writing – review & editing, Visualization. ML: Writing – original draft. LL: Writing – original draft. LQ: Writing – original draft. YH: Writing – original draft. ZX: Writing – original draft, Writing – review & editing. JT: Writing – original draft, Writing – review & editing, Conceptualization, Funding acquisition, Investigation, Project administration, Software, Supervision, Validation, Visualization.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. The work was supported by grants from the Natural Science Foundation of China (82101761) and the Natural Science Foundation of Jiangsu Province (BK20200194).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




Abbreviations


BKCa, large-conductance Ca2+-activated K+ channel; CIMT, carotid intima-media thickness; CRP, C-reactive protein; CVD, cardiovascular disease; eNOS, endothelial nitric oxide synthase; GDM, gestational diabetes mellitus; GLS, global longitudinal strain; GW, gestational week; HUVECs, human umbilical vein endothelial cells; ICAM-1, intercellular adhesion molecule-1; IL, interleukin; KATP, ATP-sensitive potassium channel; lncRNAs, long noncoding RNAs; miRNAs, microRNAs; NADPH, nicotinamide adenine dinucleotide phosphate; NO, nitric oxide; ROS, reactive oxygen species; TNF-α, tumor necrosis factor-α; VCAM-1, vascular cell adhesion molecule-1; VEGF, vascular endothelial growth factor.


References
	1. Wang, H, Li, N, Chivese, T, Werfalli, M, Sun, H, Yuen, L, et al. IDF diabetes atlas: estimation of global and regional gestational diabetes mellitus prevalence for 2021 by international association of diabetes in pregnancy study group’s criteria. Diabetes Res Clin Pract. (2022) 183:109050. doi: 10.1016/j.diabres.2021.109050
	2. Kramer, CK, Campbell, S, and Retnakaran, R. Gestational diabetes and the risk of cardiovascular disease in women: a systematic review and meta-analysis. Diabetologia. (2019) 62:905–14. doi: 10.1007/s00125-019-4840-2
	3. Moon, JH, and Jang, HC. Gestational diabetes mellitus: diagnostic approaches and maternal-offspring complications. Diabetes Metab J. (2022) 46:3–14. doi: 10.4093/dmj.2021.0335
	4. Johns, EC, Denison, FC, Norman, JE, and Reynolds, RM. Gestational diabetes mellitus: mechanisms, treatment, and complications. Trends Endocrinol Metab. (2018) 29:743–54. doi: 10.1016/j.tem.2018.09.004
	5. Tobias, DK, Stuart, JJ, Li, S, Chavarro, J, Rimm, EB, Rich-Edwards, J, et al. Association of history of gestational diabetes with long-term cardiovascular disease risk in a large prospective cohort of US women. JAMA Intern Med. (2017) 177:1735–42. doi: 10.1001/jamainternmed.2017.2790
	6. Chatzakis, C, Sotiriadis, A, Demertzidou, E, Eleftheriades, A, Dinas, K, Vlahos, N, et al. Prevalence of preeclampsia and uterine arteries resistance in the different phenotypes of gestational diabetes mellitus. Diabetes Res Clin Pract. (2023) 195:110222. doi: 10.1016/j.diabres.2022.110222
	7. Khoja, A, Andraweera, PH, Tavella, R, Gill, TK, Dekker, GA, Roberts, CT, et al. Pregnancy complications are associated with premature coronary artery disease: linking three cohorts. J Womens Health (Larchmt). (2023) 32:1208–18. doi: 10.1089/jwh.2023.0239
	8. Gunderson, EP, Sun, B, Catov, JM, Carnethon, M, Lewis, CE, Allen, NB, et al. Gestational diabetes history and glucose tolerance after pregnancy associated with coronary artery calcium in women during midlife: the CARDIA study. Circulation. (2021) 143:974–87. doi: 10.1161/CIRCULATIONAHA.120.047320
	9. Retnakaran, R, and Shah, BR. Mild glucose intolerance in pregnancy and risk of cardiovascular disease: a population-based cohort study. CMAJ. (2009) 181:371–6. doi: 10.1503/cmaj.090569
	10. Anzoategui, S, Gibbone, E, Wright, A, Nicolaides, KH, and Charakida, M. Midgestation cardiovascular phenotype in women who develop gestational diabetes and hypertensive disorders of pregnancy: comparative study. Ultrasound Obstet Gynecol. (2022) 60:207–14. doi: 10.1002/uog.24929
	11. Aguilera, J, Semmler, J, Coronel, C, Georgiopoulos, G, Simpson, J, Nicolaides, KH, et al. Paired maternal and fetal cardiac functional measurements in women with gestational diabetes mellitus at 35-36 weeks’ gestation. Am J Obstet Gynecol. (2020) 223:574.e1– e15. doi: 10.1016/j.ajog.2020.04.019
	12. Caliskan, M, Turan, Y, Caliskan, Z, Gullu, H, Ciftci, FC, Avci, E, et al. Previous gestational diabetes history is associated with impaired coronary flow reserve. Ann Med. (2015) 47:615–23. doi: 10.3109/07853890.2015.1099719
	13. Company Calabuig, AM, Nunez, E, Sanchez, A, Nicolaides, KH, Charakida, M, and De Paco Matallana, C. Three-dimensional echocardiography and cardiac strain imaging in women with gestational diabetes mellitus. Ultrasound Obstet Gynecol. (2021) 58:278–84. doi: 10.1002/uog.23666
	14. Mansukhani, T, Arechvo, A, Cecchini, F, Breim, M, Wright, A, Nicolaides, KH, et al. Vascular phenotype at 35-37 weeks’ gestation in women with gestational diabetes mellitus. Ultrasound Obstet Gynecol. (2023) 61:386–91. doi: 10.1002/uog.26077
	15. Heitritter, SM, Solomon, CG, Mitchell, GF, Skali-Ounis, N, and Seely, EW. Subclinical inflammation and vascular dysfunction in women with previous gestational diabetes mellitus. J Clin Endocrinol Metab. (2005) 90:3983–8. doi: 10.1210/jc.2004-2494
	16. Buddeberg, BS, Sharma, R, O’Driscoll, JM, Kaelin Agten, A, Khalil, A, and Thilaganathan, B. Impact of gestational diabetes mellitus on maternal cardiac adaptation to pregnancy. Ultrasound Obstet Gynecol. (2020) 56:240–6. doi: 10.1002/uog.21941
	17. Li, W, Li, Z, Liu, W, Zhao, P, Che, G, Wang, X, et al. Two-dimensional speckle tracking echocardiography in assessing the subclinical myocardial dysfunction in patients with gestational diabetes mellitus. Cardiovasc Ultrasound. (2022) 20:21. doi: 10.1186/s12947-022-00292-3
	18. Medova, E, Fialova, E, Mlcek, M, Slavicek, J, Dohnalova, A, Charvat, J, et al. QT dispersion and electrocardiographic changes in women with gestational diabetes mellitus. Physiol Res. (2012) 61:S49–55. doi: 10.33549/physiolres
	19. Sweeting, AN, Wong, J, Appelblom, H, Ross, GP, Kouru, H, Williams, PF, et al. A first trimester prediction model for gestational diabetes utilizing aneuploidy and pre-eclampsia screening markers. J Matern Fetal Neonatal Med. (2018) 31:2122–30. doi: 10.1080/14767058.2017.1336759
	20. Rueangjaroen, P, Luewan, S, Phrommintikul, A, Leemasawat, K, and Tongsong, T. The cardio-ankle vascular index as a predictor of adverse pregnancy outcomes. J Hypertens. (2021) 39:2082–91. doi: 10.1097/HJH.0000000000002907
	21. Khalil, A, Garcia-Mandujano, R, Chiriac, R, Akolekar, R, and Nicolaides, KH. Maternal hemodynamics at 11-13 weeks’ gestation in gestational diabetes mellitus. Fetal Diagn Ther. (2012) 31:216–20. doi: 10.1159/000336692
	22. Perez-Martin, SM, Quintero-Prado, R, Lara-Barea, A, Lopez-Tinoco, C, Torrejon, R, and Bugatto, F. Fetal cerebral three-dimensional power Doppler vascularization indices and their relationships with maternal glucose levels in pregnancies complicated with gestational diabetes. Diabetes Vasc Dis Res. (2022) 19:14791641221078109. doi: 10.1177/14791641221078109
	23. Wong, CH, Chen, CP, Sun, FJ, and Chen, CY. Comparison of placental three-dimensional power Doppler indices and volume in the first and the second trimesters of pregnancy complicated by gestational diabetes mellitus. J Matern Fetal Neonatal Med. (2019) 32:3784–91. doi: 10.1080/14767058.2018.1472226
	24. Wei, Z, Mu, M, Li, M, Li, J, and Cui, Y. Color Doppler ultrasound detection of hemodynamic changes in pregnant women with GDM and analysis of their influence on pregnancy outcomes. Am J Transl Res. (2021) 13:3330–6.
	25. Stanley, JL, Cheung, CC, Rueda-Clausen, CF, Sankaralingam, S, Baker, PN, and Davidge, ST. Effect of gestational diabetes on maternal artery function. Reprod Sci. (2011) 18:342–52. doi: 10.1177/1933719110393029
	26. Vilmi-Kerala, T, Lauhio, A, Tervahartiala, T, Palomaki, O, Uotila, J, Sorsa, T, et al. Subclinical inflammation associated with prolonged TIMP-1 upregulation and arterial stiffness after gestational diabetes mellitus: a hospital-based cohort study. Cardiovasc Diabetol. (2017) 16:49. doi: 10.1186/s12933-017-0530-x
	27. Zhou, Y, Lan, Q, Li, Y, Qi, L, Dong, Y, Zhou, H, et al. Clinical value of echo-tracking in gestational diabetes mellitus. Exp Clin Endocrinol Diabetes. (2022) 130:783–8. doi: 10.1055/a-1926-7064
	28. Atay, AE, Simsek, H, Demir, B, Sakar, MN, Kaya, M, Pasa, S, et al. Noninvasive assessment of subclinical atherosclerosis in normotensive gravidae with gestational diabetes. Herz. (2014) 39:627–32. doi: 10.1007/s00059-013-3874-3
	29. Li, JW, He, SY, Liu, P, Luo, L, Zhao, L, and Xiao, YB. Association of gestational diabetes mellitus (GDM) with subclinical atherosclerosis: a systemic review and meta-analysis. BMC Cardiovasc Disord. (2014) 14:132. doi: 10.1186/1471-2261-14-132
	30. Lange, A, Brueckmann, A, Seeliger, C, Jahr, R, Hunger-Battefeld, W, Schlembach, D, et al. PP063. Carotid artery stiffness and elasticity in gestational diabetes. Pregnancy Hypertens. (2013) 3:89–90. doi: 10.1016/j.preghy.2013.04.088
	31. Davenport, MH, Goswami, R, Shoemaker, JK, and Mottola, MF. Influence of hyperglycemia during and after pregnancy on postpartum vascular function. Am J Physiol Regul Integr Comp Physiol. (2012) 302:R768–75. doi: 10.1152/ajpregu.00115.2011
	32. Lee, SM, Shivakumar, M, Park, JW, Jung, YM, Choe, EK, Kwak, SH, et al. Long-term cardiovascular outcomes of gestational diabetes mellitus: a prospective UK Biobank study. Cardiovasc Diabetol. (2022) 21:221. doi: 10.1186/s12933-022-01663-w
	33. Evliyaoglu, F, Kurt, MM, Yilmaz, M, and Akpolat, C. Evaluation of microvascular density and retinal vessel diameter in gestational and type 2 diabetes using swept-source OCT-A technology. J Fr Ophtalmol. (2022) 45:430–7. doi: 10.1016/j.jfo.2021.06.014
	34. Moneta-Wielgos, J, Golebiewska, J, Brydak-Godowska, J, Ciszewska, J, Bomba-Opon, DA, Wegrzyn, P, et al. Doppler flow parameters in orbital arteries in gestational diabetes mellitus patients. J Matern Fetal Neonatal Med. (2014) 27:1075–7. doi: 10.3109/14767058.2013.847916
	35. dos Anjos Gde, F, Diniz, AL, dos Santos, MC, and Damian, NG. Study of ophthalmic artery hemodynamic pattern in pregnant women with gestational diabetes mellitus. Rev Bras Ginecol Obstet. (2012) 34:473–7. doi: 10.1590/s0100-72032012001000007
	36. Savvidou, MD, Anderson, JM, Kaihura, C, and Nicolaides, KH. Maternal arterial stiffness in pregnancies complicated by gestational and type 2 diabetes mellitus. Am J Obstet Gynecol. (2010) 203:274.e1–7. doi: 10.1016/j.ajog.2010.06.021
	37. Lekva, T, Bollerslev, J, Norwitz, ER, Aukrust, P, Henriksen, T, and Ueland, T. Aortic stiffness and cardiovascular risk in women with previous gestational diabetes mellitus. PLoS One. (2015) 10:e0136892. doi: 10.1371/journal.pone.0136892
	38. Garg, P, Badhwar, S, Jaryal, AK, Kachhawa, G, Deepak, KK, and Kriplani, A. The temporal trend of vascular function in women with gestational diabetes. Vasc Med. (2017) 22:96–102. doi: 10.1177/1358863X16678479
	39. Anastasiou, E, Lekakis, JP, Alevizaki, M, Papamichael, CM, Megas, J, Souvatzoglou, A, et al. Impaired endothelium-dependent vasodilatation in women with previous gestational diabetes. Diabetes Care. (1998) 21:2111–5. doi: 10.2337/diacare.21.12.2111
	40. Tufino, C, Villanueva-Lopez, C, Ibarra-Barajas, M, Bracho-Valdes, I, and Bobadilla-Lugo, RA. Experimental gestational diabetes mellitus induces blunted vasoconstriction and functional changes in the rat aorta. BioMed Res Int. (2014) 2014:329634. doi: 10.1155/2014/329634
	41. Barker, DJ, Osmond, C, Golding, J, Kuh, D, and Wadsworth, ME. Growth in utero, blood pressure in childhood and adult life, and mortality from cardiovascular disease. BMJ. (1989) 298:564–7. doi: 10.1136/bmj.298.6673.564
	42. Ji, H, Liang, H, Yu, Y, Wang, Z, Yuan, W, Qian, X, et al. Association of maternal history of spontaneous abortion and stillbirth with risk of congenital heart disease in offspring of women with vs without type 2 diabetes. JAMA Netw Open. (2021) 4:e2133805. doi: 10.1001/jamanetworkopen.2021.33805
	43. Yu, Y, Arah, OA, Liew, Z, Cnattingius, S, Olsen, J, Sorensen, HT, et al. Maternal diabetes during pregnancy and early onset of cardiovascular disease in offspring: population based cohort study with 40 years of follow-up. BMJ. (2019) 367:l6398. doi: 10.1136/bmj.l6398
	44. Ghaderian, M, Hemmat, M, Behdad, S, Saeedi, M, and Shahsanaei, F. Fetal cardiac functional abnormalities assessed by echocardiography in mothers suffering gestational diabetes mellitus: A systematic review and meta-analysis. Curr Probl Cardiol. (2021) 46:100658. doi: 10.1016/j.cpcardiol.2020.100658
	45. Ghandi, Y, Habibi, D, Nasri, K, Alinejad, S, Taherahmad, H, Arjmand Shabestari, A, et al. Effect of well-controlled gestational diabetes on left ventricular diastolic dysfunction in neonates. J Matern Fetal Neonatal Med. (2019) 32:2101–6. doi: 10.1080/14767058.2018.1425832
	46. Depla, AL, De Wit, L, Steenhuis, TJ, Slieker, MG, Voormolen, DN, Scheffer, PG, et al. Effect of maternal diabetes on fetal heart function on echocardiography: systematic review and meta-analysis. Ultrasound Obstet Gynecol. (2021) 57:539–50. doi: 10.1002/uog.22163
	47. Huang, P, Deng, Y, Feng, L, Gao, Y, Cheng, X, and Liu, H. Evaluation of fetal cardiac function in maternal gestational diabetes mellitus by speckle-tracking echocardiography. J Ultrasound Med. (2023) 42:81–9. doi: 10.1002/jum.15994
	48. Hou, Q, Yan, F, Dong, X, Liu, H, Wu, J, Li, J, et al. Assessment of fetal cardiac diastolic function of gestational diabetes mellitus using dual-gate Doppler. Med (Baltimore). (2021) 100:e26645. doi: 10.1097/MD.0000000000026645
	49. Yovera, L, Zaharia, M, Jachymski, T, Velicu-Scraba, O, Coronel, C, de Paco Matallana, C, et al. Impact of gestational diabetes mellitus on fetal cardiac morphology and function: cohort comparison of second- and third-trimester fetuses. Ultrasound Obstet Gynecol. (2021) 57:607–13. doi: 10.1002/uog.22148
	50. Chen, Y, Chen, Q, Wu, Y, Wang, H, Fan, Q, Lei, W, et al. Fetal cardiac geometry and function in pregnancies with well-controlled gestational diabetes mellitus using Fetal HQ. J Matern Fetal Neonatal Med. (2022) 35:8331–7. doi: 10.1080/14767058.2021.1973996
	51. Miranda, JO, Cerqueira, RJ, Ramalho, C, Areias, JC, and Henriques-Coelho, T. Fetal cardiac function in maternal diabetes: A conventional and speckle-tracking echocardiographic study. J Am Soc Echocardiogr. (2018) 31:333–41. doi: 10.1016/j.echo.2017.11.007
	52. Buscicchio, G, Gentilucci, L, Giannubilo, SR, and Tranquilli, AL. Computerized analysis of fetal heart rate in pregnancies complicated by gestational diabetes mellitus. Gynecol Endocrinol. (2010) 26:270–4. doi: 10.3109/09513590903247840
	53. Sirico, A, Lanzone, A, Mappa, I, Sarno, L, Slodki, M, Pitocco, D, et al. The role of first trimester fetal heart rate in the prediction of gestational diabetes: A multicenter study. Eur J Obstet Gynecol Reprod Biol. (2019) 243:158–61. doi: 10.1016/j.ejogrb.2019.10.019
	54. Lu, J, Zhang, S, Li, W, Leng, J, Wang, L, Liu, H, et al. Maternal gestational diabetes is associated with offspring’s hypertension. Am J Hypertens. (2019) 32:335–42. doi: 10.1093/ajh/hpz005
	55. Li, Z, Wu, Y, Du, B, Yu, X, Wang, H, Niu, Y, et al. Associations of maternal gestational diabetes mellitus with alterations in cardiovascular system in early childhood. Diabetes Metab Res Rev. (2022) 38:e3551. doi: 10.1002/dmrr.v38.6
	56. Tsadok, MA, Friedlander, Y, Paltiel, O, Manor, O, Meiner, V, Hochner, H, et al. Obesity and blood pressure in 17-year-old offspring of mothers with gestational diabetes: insights from the Jerusalem Perinatal Study. Exp Diabetes Res. (2011) 2011:906154. doi: 10.1155/2011/906154
	57. Wright, CS, Rifas-Shiman, SL, Rich-Edwards, JW, Taveras, EM, Gillman, MW, and Oken, E. Intrauterine exposure to gestational diabetes, child adiposity, and blood pressure. Am J Hypertens. (2009) 22:215–20. doi: 10.1038/ajh.2008.326
	58. Wacker-Gussmann, A, Schopen, J, Engelhard, J, Sitzberger, C, Lienert, N, Ewert, P, et al. The impact of gestational diabetes in pregnancy on the cardiovascular system of children at one year of age. J Clin Med. (2021) 10:5839. doi: 10.3390/jcm10245839
	59. Luo, H, Lan, C, Fan, C, Gong, X, Chen, C, Yu, C, et al. Down-regulation of AMPK/PPARdelta signalling promotes endoplasmic reticulum stress-induced endothelial dysfunction in adult rat offspring exposed to maternal diabetes. Cardiovasc Res. (2022) 118:2304–16. doi: 10.1093/cvr/cvab280
	60. de Sa, FG, de Queiroz, DB, Ramos-Alves, FE, Santos-Rocha, J, da Silva, OA, Moreira, HS, et al. Hyperglycaemia in pregnant rats causes sex-related vascular dysfunction in adult offspring: role of cyclooxygenase-2. Exp Physiol. (2017) 102:1019–36. doi: 10.1113/EP086132
	61. Yan, J, Li, X, Su, R, Zhang, K, and Yang, H. Long-term effects of maternal diabetes on blood pressure and renal function in rat male offspring. PLoS One. (2014) 9:e88269. doi: 10.1371/journal.pone.0088269
	62. Fatihoglu, E, Aydin, S, Karavas, E, and Kantarci, M. Gestational diabetes mellitus and early hemodynamic changes in fetus. J Med Ultrasound. (2021) 29:270–6. doi: 10.4103/JMU.JMU_161_20
	63. Dantas, AMA, Palmieri, ABS, Vieira, MR, Souza, MLR, and Silva, JC. Doppler ultrasonographic assessment of fetal middle cerebral artery peak systolic velocity in gestational diabetes mellitus. Int J Gynaecol Obstet. (2019) 144:174–9. doi: 10.1002/ijgo.2019.144.issue-2
	64. Shabani Zanjani, M, Nasirzadeh, R, Fereshtehnejad, SM, Yoonesi Asl, L, Alemzadeh, SA, and Askari, S. Fetal cerebral hemodynamic in gestational diabetic versus normal pregnancies: a Doppler velocimetry of middle cerebral and umbilical arteries. Acta Neurol Belg. (2014) 114:15–23. doi: 10.1007/s13760-013-0221-7
	65. Liu, F, Liu, Y, Lai, YP, Gu, XN, Liu, DM, and Yang, M. Fetal hemodynamics and fetal growth indices by ultrasound in late pregnancy and birth weight in gestational diabetes mellitus. Chin Med J (Engl). (2016) 129:2109–14. doi: 10.4103/0366-6999.189057
	66. Page, KA, Luo, S, Wang, X, Chow, T, Alves, J, Buchanan, TA, et al. Children exposed to maternal obesity or gestational diabetes mellitus during early fetal development have hypothalamic alterations that predict future weight gain. Diabetes Care. (2019) 42:1473–80. doi: 10.2337/dc18-2581
	67. Wu, L, Shi, A, Zhu, D, Bo, L, Zhong, Y, Wang, J, et al. High sucrose intake during gestation increases angiotensin II type 1 receptor-mediated vascular contractility associated with epigenetic alterations in aged offspring rats. Peptides. (2016) 86:133–44. doi: 10.1016/j.peptides.2016.11.002
	68. Atabek, ME, Cagan, HH, Selver Eklioglu, B, and Oran, B. Absence of increase in carotid artery intima-media thickness in infants of diabetic mothers. J Clin Res Pediatr Endocrinol. (2011) 3:144–8. doi: 10.4274/jcrpe.v3i3.28
	69. Di Bernardo, S, Mivelaz, Y, Epure, AM, Vial, Y, Simeoni, U, Bovet, P, et al. Assessing the consequences of gestational diabetes mellitus on offspring’s cardiovascular health: MySweetHeart Cohort study protocol, Switzerland. BMJ Open. (2017) 7:e016972. doi: 10.1136/bmjopen-2017-016972
	70. Epure, AM, Di Bernardo, S, Mivelaz, Y, Estoppey Younes, S, Chiolero, A, Sekarski, N, et al. Gestational diabetes mellitus and offspring’s carotid intima-media thickness at birth: MySweetHeart Cohort study. BMJ Open. (2022) 12:e061649. doi: 10.1136/bmjopen-2022-061649
	71. Yuan, WL, Lin, J, Kramer, MS, Godfrey, KM, Gluckman, PD, Chong, YS, et al. Maternal glycemia during pregnancy and child carotid intima media thickness, pulse wave velocity, and augmentation index. J Clin Endocrinol Metab. (2020) 105:dgaa211. doi: 10.1210/clinem/dgaa211
	72. Luo, Q, Chai, X, Xin, X, Ouyang, W, and Deng, F. Maternal hyperglycemia inhibits pulmonary vasculogenesis during mouse fetal lung development by promoting GbetaL Ubiquitination-dependent mammalian target of Rapamycin assembly. Diabetol Metab Syndr. (2023) 15:49. doi: 10.1186/s13098-022-00974-y
	73. Han, T, Jin, XD, Yang, JF, and Tang, Y. Clinical analysis of fetal lung development index and pregnancy outcome in pregnant women with gestational diabetes mellitus with satisfactory blood glucose control. Contrast Media Mol Imaging. (2022) 2022:5777804. doi: 10.1155/2022/5777804
	74. Smith, A, Franklin, O, McCallion, N, Breathnach, F, and El-Khuffash, A. Assessment of myocardial function in infants of mothers with gestational diabetes mellitus using deformation imaging over the first year of age. J Pediatr. (2023) 263:113645. doi: 10.1016/j.jpeds.2023.113645
	75. Chen, Y, Huang, D, Liu, J, Zeng, F, Tang, G, Lei, W, et al. Non-invasive detection of fetal vascular endothelial function in gestational diabetes mellitus. Front Endocrinol (Lausanne). (2021) 12:763683. doi: 10.3389/fendo.2021.763683
	76. Triantafyllidou, P, Papadopoulou, A, Thymara, E, Papaevangelou, V, Mastorakos, G, Papadimitriou, A, et al. Aortic intima-media thickness is increased in neonates of mothers with gestational diabetes mellitus: the role of thioredoxin-interacting protein as a marker of oxidative stress. Curr Vasc Pharmacol. (2023) 21:234–45. doi: 10.2174/1570161121666230727150854
	77. Segar, EM, Norris, AW, Yao, JR, Hu, S, Koppenhafer, SL, Roghair, RD, et al. Programming of growth, insulin resistance and vascular dysfunction in offspring of late gestation diabetic rats. Clin Sci (Lond). (2009) 117:129–38. doi: 10.1042/CS20080550
	78. Holemans, K, Gerber, RT, Meurrens, K, De Clerck, F, Poston, L, and Van Assche, FA. Streptozotocin diabetes in the pregnant rat induces cardiovascular dysfunction in adult offspring. Diabetologia. (1999) 42:81–9. doi: 10.1007/s001250051117
	79. Feng, X, Li, X, Yang, C, Ren, Q, Zhang, W, Li, N, et al. Maternal high-sucrose diet accelerates vascular stiffness in aged offspring via suppressing Ca(v) 1.2 and contractile phenotype of vascular smooth muscle cells. Mol Nutr Food Res. (2019) 63:e1900022. doi: 10.1002/mnfr.201900022
	80. Sadat Jamal, A, Naemi, M, Eslamian, L, Marsoosi, V, Moshfeghi, M, Nurzadeh, M, et al. The association between fetal renal artery indices in late pregnancy and birth weight in gestational diabetes mellitus: A cohort study. Int J Reprod Biomed. (2022) 20:21–8. doi: 10.18502/ijrm.v20i1.10405
	81. Aisa, MC, Cappuccini, B, Barbati, A, Clerici, G, Torlone, E, Gerli, S, et al. Renal consequences of gestational diabetes mellitus in term neonates: A multidisciplinary approach to the DOHaD perspective in the prevention and early recognition of neonates of GDM mothers at risk of hypertension and chronic renal diseases in later life. J Clin Med. (2019) 8:429. doi: 10.3390/jcm8040429
	82. Jin, YM, Zhao, SZ, Zhang, ZL, Chen, Y, Cheng, X, Chuai, M, et al. High glucose level induces cardiovascular dysplasia during early embryo development. Exp Clin Endocrinol Diabetes. (2019) 127:590–7. doi: 10.1055/s-0043-109696
	83. Meng, Q, Shao, L, Luo, X, Mu, Y, Xu, W, Gao, C, et al. Ultrastructure of placenta of gravidas with gestational diabetes mellitus. Obstet Gynecol Int. (2015) 2015:283124. doi: 10.1155/2015/283124
	84. Daskalakis, G, Marinopoulos, S, Krielesi, V, Papapanagiotou, A, Papantoniou, N, Mesogitis, S, et al. Placental pathology in women with gestational diabetes. Acta Obstet Gynecol Scand. (2008) 87:403–7. doi: 10.1080/00016340801908783
	85. Akarsu, S, Bagirzade, M, Omeroglu, S, and Buke, B. Placental vascularization and apoptosis in Type-1 and gestational DM. J Matern Fetal Neonatal Med. (2017) 30:1045–50. doi: 10.1080/14767058.2016.1199676
	86. Villota, SD, Toledo-Rodriguez, M, and Leach, L. Compromised barrier integrity of human feto-placental vessels from gestational diabetic pregnancies is related to downregulation of occludin expression. Diabetologia. (2021) 64:195–210. doi: 10.1007/s00125-020-05290-6
	87. Carrasco-Wong, I, Moller, A, Giachini, FR, Lima, VV, Toledo, F, Stojanova, J, et al. Placental structure in gestational diabetes mellitus. Biochim Biophys Acta Mol Basis Dis. (2020) 1866:165535. doi: 10.1016/j.bbadis.2019.165535
	88. Chakraborty, SK, and Banu, LA. Microscopic impacts of gestational diabetes mellitus on the umbilical cord. Mymensingh Med J. (2013) 22:755–60.
	89. Tenaw Goshu, B. Histopathologic impacts of diabetes mellitus on umbilical cord during pregnancy. Pediatr Health Med Ther. (2022) 13:37–41. doi: 10.2147/PHMT.S323812
	90. Kadivar, M, Khamseh, ME, Malek, M, Khajavi, A, Noohi, AH, and Najafi, L. Histomorphological changes of the placenta and umbilical cord in pregnancies complicated by gestational diabetes mellitus. Placenta. (2020) 97:71–8. doi: 10.1016/j.placenta.2020.06.018
	91. Han, Z, Zhang, Y, Li, X, Chiu, WH, Yin, Y, and Hou, H. Investigation into the predictive potential of three-dimensional ultrasonographic placental volume and vascular indices in gestational diabetes mellitus. Front Endocrinol (Lausanne). (2021) 12:689888. doi: 10.3389/fendo.2021.689888
	92. Reitter, A, Hajduk, B, Geka, F, Buxmann, H, Schlosser, R, and Louwen, F. Doppler studies of gestational diabetes in the third trimester. Ultraschall Med. (2011) 32 Suppl 2:E162–8. doi: 10.1055/s-0031-1273415
	93. Salvesen, DR, Higueras, MT, Mansur, CA, Freeman, J, Brudenell, JM, and Nicolaides, KH. Placental and fetal Doppler velocimetry in pregnancies complicated by maternal diabetes mellitus. Am J Obstet Gynecol. (1993) 168:645–52. doi: 10.1016/0002-9378(93)90512-H
	94. Radenkovic, M, Radunovic, N, Momcilov, P, and Grbovic, L. Altered response of human umbilical artery to 5-HT in gestational diabetic pregnancy. Pharmacol Rep. (2009) 61:520–8. doi: 10.1016/S1734-1140(09)70095-7
	95. Radenkovic, M, Grbovic, L, Radunovic, N, and Momcilov, P. Pharmacological evaluation of bradykinin effect on human umbilical artery in normal, hypertensive and diabetic pregnancy. Pharmacol Rep. (2007) 59:64–73.
	96. Omar, HA, Ramirez, R, Arsich, J, Tracy, T, Glover, D, and Gibson, M. Reduction of the human placental vascular relaxation to progesterone by gestational diabetes. J Matern Fetal Investig. (1998) 8:27–30.
	97. Mordwinkin, NM, Ouzounian, JG, Yedigarova, L, Montoro, MN, Louie, SG, and Rodgers, KE. Alteration of endothelial function markers in women with gestational diabetes and their fetuses. J Matern Fetal Neonatal Med. (2013) 26:507–12. doi: 10.3109/14767058.2012.736564
	98. Di Fulvio, P, Pandolfi, A, Formoso, G, Di Silvestre, S, Di Tomo, P, Giardinelli, A, et al. Features of endothelial dysfunction in umbilical cord vessels of women with gestational diabetes. Nutr Metab Cardiovasc Dis. (2014) 24:1337–45. doi: 10.1016/j.numecd.2014.06.005
	99. Bo, S, Valpreda, S, Menato, G, Bardelli, C, Botto, C, Gambino, R, et al. Should we consider gestational diabetes a vascular risk factor? Atherosclerosis. (2007) 194:e72–9. doi: 10.1016/j.atherosclerosis.2006.09.017
	100. Mittermayer, F, Kautzky-Willer, A, Winzer, C, Krzyzanowska, K, Prikoszovich, T, Demehri, S, et al. Elevated concentrations of asymmetric dimethylarginine are associated with deterioration of glucose tolerance in women with previous gestational diabetes mellitus. J Intern Med. (2007) 261:392–8. doi: 10.1111/j.1365-2796.2007.01772.x
	101. Gui, J, Rohrbach, A, Borns, K, Hillemanns, P, Feng, L, Hubel, CA, et al. Vitamin D rescues dysfunction of fetal endothelial colony forming cells from individuals with gestational diabetes. Placenta. (2015) 36:410–8. doi: 10.1016/j.placenta.2015.01.195
	102. Contreras-Duarte, S, Carvajal, L, Garchitorena, MJ, Subiabre, M, Fuenzalida, B, Cantin, C, et al. Gestational diabetes mellitus treatment schemes modify maternal plasma cholesterol levels dependent to women s weight: possible impact on feto-placental vascular function. Nutrients. (2020) 12:506. doi: 10.3390/nu12020506
	103. Dollberg, S, Brockman, DE, and Myatt, L. Nitric oxide synthase activity in umbilical and placental vascular tissue of gestational diabetic pregnancies. Gynecol Obstet Invest. (1997) 44:177–81. doi: 10.1159/000291514
	104. Yu, C, Chen, S, Wang, X, Wu, G, Zhang, Y, Fu, C, et al. Exposure to maternal diabetes induces endothelial dysfunction and hypertension in adult male rat offspring. Microvasc Res. (2021) 133:104076. doi: 10.1016/j.mvr.2020.104076
	105. Katkhuda, R, Peterson, ES, Roghair, RD, Norris, AW, Scholz, TD, and Segar, JL. Sex-specific programming of hypertension in offspring of late-gestation diabetic rats. Pediatr Res. (2012) 72:352–61. doi: 10.1038/pr.2012.93
	106. Diaz-Perez, FI, Hiden, U, Gauster, M, Lang, I, Konya, V, Heinemann, A, et al. Post-transcriptional down regulation of ICAM-1 in feto-placental endothelium in GDM. Cell Adh Migr. (2016) 10:18–27. doi: 10.1080/19336918.2015.1127467
	107. Contreras-Duarte, S, Cantin, C, Farias, M, and Leiva, A. High total cholesterol and triglycerides levels increase arginases metabolism, impairing nitric oxide signaling and worsening fetoplacental endothelial dysfunction in gestational diabetes mellitus pregnancies. Biochim Biophys Acta Mol Basis Dis. (2021) 1867:166216. doi: 10.1016/j.bbadis.2021.166216
	108. Saez, T, Salsoso, R, Leiva, A, Toledo, F, de Vos, P, Faas, M, et al. Human umbilical vein endothelium-derived exosomes play a role in foetoplacental endothelial dysfunction in gestational diabetes mellitus. Biochim Biophys Acta Mol Basis Dis. (2018) 1864:499–508. doi: 10.1016/j.bbadis.2017.11.010
	109. Guzman-Gutierrez, E, Armella, A, Toledo, F, Pardo, F, Leiva, A, and Sobrevia, L. Insulin requires A1 adenosine receptors expression to reverse gestational diabetes-increased L-arginine transport in human umbilical vein endothelium. Purinergic Signal. (2016) 12:175–90. doi: 10.1007/s11302-015-9491-2
	110. Subiabre, M, Villalobos-Labra, R, Silva, L, Fuentes, G, Toledo, F, and Sobrevia, L. Role of insulin, adenosine, and adipokine receptors in the foetoplacental vascular dysfunction in gestational diabetes mellitus. Biochim Biophys Acta Mol Basis Dis. (2020) 1866:165370. doi: 10.1016/j.bbadis.2018.12.021
	111. Gonzalez, M, Rojas, S, Avila, P, Cabrera, L, Villalobos, R, Palma, C, et al. Insulin reverses D-glucose-increased nitric oxide and reactive oxygen species generation in human umbilical vein endothelial cells. PLoS One. (2015) 10:e0122398. doi: 10.1371/journal.pone.0122398
	112. Bianco, ME, and Josefson, JL. Hyperglycemia during pregnancy and long-term offspring outcomes. Curr Diabetes Rep. (2019) 19:143. doi: 10.1007/s11892-019-1267-6
	113. Hivert, MF, White, F, Allard, C, James, K, Majid, S, Aguet, F, et al. Placental IGFBP1 levels during early pregnancy and the risk of insulin resistance and gestational diabetes. Nat Med. (2024) 30:1689–95. doi: 10.1038/s41591-024-02936-5
	114. Lacroix, M, Kina, E, and Hivert, MF. Maternal/fetal determinants of insulin resistance in women during pregnancy and in offspring over life. Curr Diabetes Rep. (2013) 13:238–44. doi: 10.1007/s11892-012-0360-x
	115. Mathew, SA, and Bhonde, R. Mesenchymal stromal cells isolated from gestationally diabetic human placenta exhibit insulin resistance, decreased clonogenicity and angiogenesis. Placenta. (2017) 59:1–8. doi: 10.1016/j.placenta.2017.09.002
	116. Zhong, L, Long, Y, Wang, S, Lian, R, Deng, L, Ye, Z, et al. Continuous elevation of plasma asprosin in pregnant women complicated with gestational diabetes mellitus: A nested case-control study. Placenta. (2020) 93:17–22. doi: 10.1016/j.placenta.2020.02.004
	117. Villalobos-Labra, R, Silva, L, Subiabre, M, Araos, J, Salsoso, R, Fuenzalida, B, et al. Akt/mTOR role in human foetoplacental vascular insulin resistance in diseases of pregnancy. J Diabetes Res. (2017) 2017:5947859. doi: 10.1155/2017/5947859
	118. Yilmaz, O, Kucuk, M, Ilgin, A, and Dagdelen, M. Assessment of insulin sensitivity/resistance and their relations with leptin concentrations and anthropometric measures in a pregnant population with and without gestational diabetes mellitus. J Diabetes Complications. (2010) 24:109–14. doi: 10.1016/j.jdiacomp.2009.01.006
	119. Jiang, S, Teague, AM, Tryggestad, JB, Lyons, TJ, and Chernausek, SD. Fetal circulating human resistin increases in diabetes during pregnancy and impairs placental mitochondrial biogenesis. Mol Med. (2020) 26:76. doi: 10.1186/s10020-020-00205-y
	120. Ustianowski, L, Czerewaty, M, Kielbowski, K, Bakinowska, E, Tarnowski, M, Safranow, K, et al. Placental expression of glucose and zinc transporters in women with gestational diabetes. J Clin Med. (2024) 13:3500. doi: 10.3390/jcm13123500
	121. Hill, MA, Yang, Y, Zhang, L, Sun, Z, Jia, G, Parrish, AR, et al. Insulin resistance, cardiovascular stiffening and cardiovascular disease. Metabolism. (2021) 119:154766. doi: 10.1016/j.metabol.2021.154766
	122. Steinberg, HO, and Baron, AD. Vascular function, insulin resistance and fatty acids. Diabetologia. (2002) 45:623–34. doi: 10.1007/s00125-002-0800-2
	123. Busija, DW, Miller, AW, Katakam, P, and Erdos, B. Adverse effects of reactive oxygen species on vascular reactivity in insulin resistance. Antioxid Redox Signal. (2006) 8:1131–40. doi: 10.1089/ars.2006.8.1131
	124. Clark, MG. Impaired microvascular perfusion: a consequence of vascular dysfunction and a potential cause of insulin resistance in muscle. Am J Physiol Endocrinol Metab. (2008) 295:E732–50. doi: 10.1152/ajpendo.90477.2008
	125. Tanaka, K, Yamada, K, Matsushima, M, Izawa, T, Furukawa, S, Kobayashi, Y, et al. Increased maternal insulin resistance promotes placental growth and decreases placental efficiency in pregnancies with obesity and gestational diabetes mellitus. J Obstet Gynaecol Res. (2018) 44:74–80. doi: 10.1111/jog.2018.44.issue-1
	126. Ehlers, E, Talton, OO, Schust, DJ, and Schulz, LC. Placental structural abnormalities in gestational diabetes and when they develop: A scoping review. Placenta. (2021) 116:58–66. doi: 10.1016/j.placenta.2021.04.005
	127. Feng, W, Wang, Y, Guo, N, Huang, P, and Mi, Y. Effects of astaxanthin on inflammation and insulin resistance in a mouse model of gestational diabetes mellitus. Dose Response. (2020) 18:1559325820926765. doi: 10.1177/1559325820926765
	128. Li, S, Zhang, Y, Sun, Y, Zhang, G, Bai, J, Guo, J, et al. Naringenin improves insulin sensitivity in gestational diabetes mellitus mice through AMPK. Nutr Diabetes. (2019) 9:28. doi: 10.1038/s41387-019-0095-8
	129. Joo, EH, Kim, YR, Kim, N, Jung, JE, Han, SH, and Cho, HY. Effect of endogenic and exogenic oxidative stress triggers on adverse pregnancy outcomes: preeclampsia, fetal growth restriction, gestational diabetes mellitus and preterm birth. Int J Mol Sci. (2021) 22:10122. doi: 10.3390/ijms221810122
	130. Biri, A, Onan, A, Devrim, E, Babacan, F, Kavutcu, M, and Durak, I. Oxidant status in maternal and cord plasma and placental tissue in gestational diabetes. Placenta. (2006) 27:327–32. doi: 10.1016/j.placenta.2005.01.002
	131. Lappas, M, Hiden, U, Desoye, G, Froehlich, J, Hauguel-de Mouzon, S, and Jawerbaum, A. The role of oxidative stress in the pathophysiology of gestational diabetes mellitus. Antioxid Redox Signal. (2011) 15:3061–100. doi: 10.1089/ars.2010.3765
	132. Peuchant, E, Brun, JL, Rigalleau, V, Dubourg, L, Thomas, MJ, Daniel, JY, et al. Oxidative and antioxidative status in pregnant women with either gestational or type 1 diabetes. Clin Biochem. (2004) 37:293–8. doi: 10.1016/j.clinbiochem.2003.12.005
	133. Karbach, S, Jansen, T, Horke, S, Heeren, T, Scholz, A, Coldewey, M, et al. Hyperglycemia and oxidative stress in cultured endothelial cells–a comparison of primary endothelial cells with an immortalized endothelial cell line. J Diabetes Complications. (2012) 26:155–62. doi: 10.1016/j.jdiacomp.2012.03.011
	134. Sultan, SA, Liu, W, Peng, Y, Roberts, W, Whitelaw, D, and Graham, AM. The role of maternal gestational diabetes in inducing fetal endothelial dysfunction. J Cell Physiol. (2015) 230:2695–705. doi: 10.1002/jcp.v230.11
	135. Giacco, F, and Brownlee, M. Oxidative stress and diabetic complications. Circ Res. (2010) 107:1058–70. doi: 10.1161/CIRCRESAHA.110.223545
	136. Moazzen, H, Lu, X, Liu, M, and Feng, Q. Pregestational diabetes induces fetal coronary artery malformation via reactive oxygen species signaling. Diabetes. (2015) 64:1431–43. doi: 10.2337/db14-0190
	137. Rajaraman, B, Ramadas, N, Krishnasamy, S, Ravi, V, Pathak, A, Devasena, CS, et al. Hyperglycaemia cause vascular inflammation through advanced glycation end products/early growth response-1 axis in gestational diabetes mellitus. Mol Cell Biochem. (2019) 456:179–90. doi: 10.1007/s11010-019-03503-0
	138. Loegl, J, Nussbaumer, E, Cvitic, S, Huppertz, B, Desoye, G, and Hiden, U. GDM alters paracrine regulation of feto-placental angiogenesis via the trophoblast. Lab Invest. (2017) 97:409–18. doi: 10.1038/labinvest.2016.149
	139. Murthi, P, Sarkis, R, Lim, R, Nguyen-Ngo, C, Pratt, A, Liong, S, et al. Endocan expression is increased in the placenta from obese women with gestational diabetes mellitus. Placenta. (2016) 48:38–48. doi: 10.1016/j.placenta.2016.10.003
	140. Feng, X, Zhou, X, Zhang, W, Li, X, He, A, Liu, B, et al. Maternal high-sucrose diets altered vascular large-conductance Ca2+-activated K+ channels via reactive oxygen species in offspring rats. Biol Reprod. (2017) 96:1085–95. doi: 10.1093/biolre/iox031
	141. Montalbetti, N, Cantero, MR, Dalghi, MG, and Cantiello, HF. Reactive oxygen species inhibit polycystin-2 (TRPP2) cation channel activity in term human syncytiotrophoblast. Placenta. (2008) 29:510–8. doi: 10.1016/j.placenta.2008.02.015
	142. Saucedo, R, Ortega-Camarillo, C, Ferreira-Hermosillo, A, Diaz-Velazquez, MF, Meixueiro-Calderon, C, and Valencia-Ortega, J. Role of oxidative stress and inflammation in gestational diabetes mellitus. Antioxidants (Basel). (2023) 12:1812. doi: 10.3390/antiox12101812
	143. Li, H, Shin, SE, Seo, MS, An, JR, Ha, KS, Han, ET, et al. Alterations of ATP-sensitive K(+) channels in human umbilical arterial smooth muscle during gestational diabetes mellitus. Pflugers Arch. (2018) 470:1325–33. doi: 10.1007/s00424-018-2154-8
	144. Djokic, V, Jankovic-Raznatovic, S, Novakovic, R, Kostic, M, Rajkovic, J, Labudovic-Borovic, M, et al. Effect of gestational diabetes mellitus and pregnancy-induced hypertension on human umbilical vein smooth muscle K(ATP) channels. Exp Mol Pathol. (2019) 111:104323. doi: 10.1016/j.yexmp.2019.104323
	145. Li, H, An, JR, Seo, MS, Kang, M, Heo, R, Park, S, et al. Downregulation of large-conductance Ca(2+)-activated K(+) channels in human umbilical arterial smooth muscle cells in gestational diabetes mellitus. Life Sci. (2022) 288:120169. doi: 10.1016/j.lfs.2021.120169
	146. Ao, D, Wang, HJ, Wang, LF, Song, JY, Yang, HX, and Wang, Y. The rs2237892 polymorphism in KCNQ1 influences gestational diabetes mellitus and glucose levels: A case-control study and meta-analysis. PloS One. (2015) 10:e0128901. doi: 10.1371/journal.pone.0128901
	147. Shin, HD, Park, BL, Shin, HJ, Kim, JY, Park, S, Kim, B, et al. Association of KCNQ1 polymorphisms with the gestational diabetes mellitus in Korean women. J Clin Endocrinol Metab. (2010) 95:445–9. doi: 10.1210/jc.2009-1393
	148. Kwak, SH, Kim, TH, Cho, YM, Choi, SH, Jang, HC, and Park, KS. Polymorphisms in KCNQ1 are associated with gestational diabetes in a Korean population. Horm Res Paediatr. (2010) 74:333–8. doi: 10.1159/000313918
	149. Shaat, N, Ekelund, M, Lernmark, A, Ivarsson, S, Almgren, P, Berntorp, K, et al. Association of the E23K polymorphism in the KCNJ11 gene with gestational diabetes mellitus. Diabetologia. (2005) 48:2544–51. doi: 10.1007/s00125-005-0035-0
	150. Majcher, S, Ustianowski, P, Malinowski, D, Czerewaty, M, Tarnowski, M, Safranow, K, et al. KCNJ11 and KCNQ1 gene polymorphisms and placental expression in women with gestational diabetes mellitus. Genes (Basel). (2022) 13:1315. doi: 10.3390/genes13081315
	151. Chon, SJ, Kim, SY, Cho, NR, Min, DL, Hwang, YJ, and Mamura, M. Association of variants in PPARgamma(2), IGF2BP2, and KCNQ1 with a susceptibility to gestational diabetes mellitus in a Korean population. Yonsei Med J. (2013) 54:352–7. doi: 10.3349/ymj.2013.54.2.352
	152. Petry, CJ, Mooslehner, K, Prentice, P, Hayes, MG, Nodzenski, M, Scholtens, DM, et al. Associations between a fetal imprinted gene allele score and late pregnancy maternal glucose concentrations. Diabetes Metab. (2017) 43:323–31. doi: 10.1016/j.diabet.2017.03.002
	153. Anaya, HA, Yi, FX, Boeldt, DS, Krupp, J, Grummer, MA, Shah, DM, et al. Changes in Ca2+ Signaling and nitric oxide output by human umbilical vein endothelium in diabetic and gestational diabetic pregnancies. Biol Reprod. (2015) 93:60. doi: 10.1095/biolreprod.115.128645
	154. Varshney, S, Adela, R, Kachhawa, G, Dada, R, Kulshreshtha, V, Kumari, R, et al. Disrupted placental vitamin D metabolism and calcium signaling in gestational diabetes and pre-eclampsia patients. Endocrine. (2023) 80:191–200. doi: 10.1007/s12020-022-03272-9
	155. Wu, C, Li, J, Bo, L, Gao, Q, Zhu, Z, Li, D, et al. High-sucrose diets in pregnancy alter angiotensin II-mediated pressor response and microvessel tone via the PKC/Cav1.2 pathway in rat offspring. Hypertens Res. (2014) 37:818–23. doi: 10.1038/hr.2014.94
	156. Nieves-Cintron, M, Flores-Tamez, VA, Le, T, Baudel, MM, and Navedo, MF. Cellular and molecular effects of hyperglycemia on ion channels in vascular smooth muscle. Cell Mol Life Sci. (2021) 78:31–61. doi: 10.1007/s00018-020-03582-z
	157. Kastelan, S, Tomic, M, Pavan, J, and Oreskovic, S. Maternal immune system adaptation to pregnancy–a potential influence on the course of diabetic retinopathy. Reprod Biol Endocrinol. (2010) 8:124. doi: 10.1186/1477-7827-8-124
	158. Yu, N, Cui, H, Chen, X, and Chang, Y. Changes of serum pentraxin-3 and hypersensitive CRP levels during pregnancy and their relationship with gestational diabetes mellitus. PLoS One. (2019) 14:e0224739. doi: 10.1371/journal.pone.0224739
	159. Zhang, J, Chi, H, Xiao, H, Tian, X, Wang, Y, Yun, X, et al. Interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-alpha) single nucleotide polymorphisms (SNPs), inflammation and metabolism in gestational diabetes mellitus in inner Mongolia. Med Sci Monit. (2017) 23:4149–57. doi: 10.12659/MSM.903565
	160. Huang, X, Li, Y, Tong, X, Wu, Y, Zhang, R, Sheng, L, et al. Increased circulating IL-32 is associated with placenta macrophage-derived IL-32 and gestational diabetes mellitus. J Clin Endocrinol Metab. (2024) 109:333–43. doi: 10.1210/clinem/dgad531
	161. Nelson, SM, Sattar, N, Freeman, DJ, Walker, JD, and Lindsay, RS. Inflammation and endothelial activation is evident at birth in offspring of mothers with type 1 diabetes. Diabetes. (2007) 56:2697–704. doi: 10.2337/db07-0662
	162. Barden, A, Singh, R, Walters, BN, Ritchie, J, Roberman, B, and Beilin, LJ. Factors predisposing to pre-eclampsia in women with gestational diabetes. J Hypertens. (2004) 22:2371–8. doi: 10.1097/00004872-200412000-00020
	163. Alzamil, NM, Dawood, AF, Hewett, PW, Bin-Jaliah, I, Assiri, AS, Abdel Kader, DH, et al. Suppression of type 2 diabetes mellitus-induced aortic ultrastructural alterations in rats by insulin: an association of vascular injury biomarkers. Ultrastruct Pathol. (2020) 44:316–23. doi: 10.1080/01913123.2020.1780362
	164. Kurt, M, Zulfikaroglu, E, Ucankus, NL, Omeroglu, S, and Ozcan, U. Expression of intercellular adhesion molecule-1 in umbilical and placental vascular tissue of gestational diabetic and normal pregnancies. Arch Gynecol Obstet. (2010) 281:71–6. doi: 10.1007/s00404-009-1066-4
	165. Saez, T, de Vos, P, Kuipers, J, Sobrevia, L, and Faas, MM. Fetoplacental endothelial exosomes modulate high d-glucose-induced endothelial dysfunction. Placenta. (2018) 66:26–35. doi: 10.1016/j.placenta.2018.04.010
	166. Xie, L, Galettis, A, Morris, J, Jackson, C, Twigg, SM, and Gallery, ED. Intercellular adhesion molecule-1 (ICAM-1) expression is necessary for monocyte adhesion to the placental bed endothelium and is increased in type 1 diabetic human pregnancy. Diabetes Metab Res Rev. (2008) 24:294–300. doi: 10.1002/dmrr.v24:4
	167. Gao, Z, Wang, N, and Liu, X. Human placenta mesenchymal stem cell-derived exosome shuttling microRNA-130b-3p from gestational diabetes mellitus patients targets ICAM-1 and perturbs human umbilical vein endothelial cell angiogenesis. Acta Diabetol. (2022) 59:1091–107. doi: 10.1007/s00592-022-01910-2
	168. Shan, Y, Cui, J, Kang, X, Tang, W, Lu, Y, Gao, Y, et al. Aquaporin-8 overexpression is involved in vascular structure and function changes in placentas of gestational diabetes mellitus patients. Open Life Sci. (2022) 17:1473–86. doi: 10.1515/biol-2022-0522
	169. Siddiqui, K, George, TP, Nawaz, SS, and Joy, SS. VCAM-1, ICAM-1 and selectins in gestational diabetes mellitus and the risk for vascular disorders. Future Cardiol. (2019) 15:339–46. doi: 10.2217/fca-2018-0042
	170. Kautzky-Willer, A, Fasching, P, Jilma, B, Waldhausl, W, and Wagner, OF. Persistent elevation and metabolic dependence of circulating E-selectin after delivery in women with gestational diabetes mellitus. J Clin Endocrinol Metab. (1997) 82:4117–21. doi: 10.1210/jcem.82.12.4419
	171. Zheng, Y, Zhu, N, Wang, J, Zhao, N, and Yuan, C. Crocetin suppresses gestational diabetes in streptozotocin-induced diabetes mellitus rats via suppression of inflammatory reaction. J Food Biochem. (2021) 45:e13857. doi: 10.1111/jfbc.13857
	172. Tang, S, Le-Ruppert, KC, and Gabel, VP. Expression of intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) on proliferating vascular endothelial cells in diabetic epiretinal membranes. Br J Ophthalmol. (1994) 78:370–6. doi: 10.1136/bjo.78.5.370
	173. Schmidt, AM, Hori, O, Chen, JX, Li, JF, Crandall, J, Zhang, J, et al. Advanced glycation endproducts interacting with their endothelial receptor induce expression of vascular cell adhesion molecule-1 (VCAM-1) in cultured human endothelial cells and in mice. A potential mechanism for the accelerated vasculopathy of diabetes. J Clin Invest. (1995) 96:1395–403. doi: 10.1172/JCI118175
	174. Ategbo, JM, Grissa, O, Yessoufou, A, Hichami, A, Dramane, KL, Moutairou, K, et al. Modulation of adipokines and cytokines in gestational diabetes and macrosomia. J Clin Endocrinol Metab. (2006) 91:4137–43. doi: 10.1210/jc.2006-0980
	175. Teng, Y, Xuan, S, Jiang, M, Tian, L, Tian, J, and Chang, Q. Expression of H(2)S in gestational diabetes mellitus and correlation analysis with inflammatory markers IL-6 and TNF-alpha. J Diabetes Res. (2020) 2020:3085840. doi: 10.1155/2020/3085840
	176. Vitoratos, N, Valsamakis, G, Mastorakos, G, Boutsiadis, A, Salakos, N, Kouskouni, E, et al. Pre- and early post-partum adiponectin and interleukin-1beta levels in women with and without gestational diabetes. Hormones (Athens). (2008) 7:230–6. doi: 10.14310/horm.2002.1202
	177. Hara Cde, C, Franca, EL, Fagundes, DL, de Queiroz, AA, Rudge, MV, Honorio-Franca, AC, et al. Characterization of natural killer cells and cytokines in maternal placenta and fetus of diabetic mothers. J Immunol Res. (2016) 2016:7154524. doi: 10.1155/2016/7154524
	178. Ma, Y, Xu, S, Meng, J, and Li, L. Protective effect of nimbolide against streptozotocin induced gestational diabetes mellitus in rats via alteration of inflammatory reaction, oxidative stress, and gut microbiota. Environ Toxicol. (2022) 37:1382–93. doi: 10.1002/tox.23491
	179. Huang, X, Zha, B, Zhang, M, Li, Y, Wu, Y, Zhang, R, et al. Decreased monocyte count is associated with gestational diabetes mellitus development, macrosomia, and inflammation. J Clin Endocrinol Metab. (2022) 107:192–204. doi: 10.1210/clinem/dgab657
	180. Liu, Y, Biarnes Costa, M, and Gerhardinger, C. IL-1beta is upregulated in the diabetic retina and retinal vessels: cell-specific effect of high glucose and IL-1beta autostimulation. PLoS One. (2012) 7:e36949. doi: 10.1371/journal.pone.0036949
	181. Mrizak, I, Arfa, A, Fekih, M, Debbabi, H, Bouslema, A, Boumaiza, I, et al. Inflammation and impaired endothelium-dependant vasodilatation in non obese women with gestational diabetes mellitus: preliminary results. Lipids Health Dis. (2013) 12:93. doi: 10.1186/1476-511X-12-93
	182. Lee, J, Lee, S, Zhang, H, Hill, MA, Zhang, C, and Park, Y. Interaction of IL-6 and TNF-alpha contributes to endothelial dysfunction in type 2 diabetic mouse hearts. PLoS One. (2017) 12:e0187189. doi: 10.1371/journal.pone.0187189
	183. Yu, Z, Liu, J, Zhang, R, Huang, X, Sun, T, Wu, Y, et al. IL-37 and 38 signalling in gestational diabetes. J Reprod Immunol. (2017) 124:8–14. doi: 10.1016/j.jri.2017.09.011
	184. Chai, M, Ji, Q, Zhang, H, Zhou, Y, Yang, Q, Zhou, Y, et al. The protective effect of interleukin-37 on vascular calcification and atherosclerosis in apolipoprotein E-deficient mice with diabetes. J Interferon Cytokine Res. (2015) 35:530–9. doi: 10.1089/jir.2014.0212
	185. Jarmuzek, P, Wielgos, M, and Bomba-Opon, D. Placental pathologic changes in gestational diabetes mellitus. Neuro Endocrinol Lett. (2015) 36:101–5.
	186. Hosni, A, El-Twab, SA, Abdul-Hamid, M, Prinsen, E, AbdElgawad, H, Abdel-Moneim, A, et al. Cinnamaldehyde mitigates placental vascular dysfunction of gestational diabetes and protects from the associated fetal hypoxia by modulating placental angiogenesis, metabolic activity and oxidative stress. Pharmacol Res. (2021) 165:105426. doi: 10.1016/j.phrs.2021.105426
	187. Troncoso, F, Acurio, J, Herlitz, K, Aguayo, C, Bertoglia, P, Guzman-Gutierrez, E, et al. Gestational diabetes mellitus is associated with increased pro-migratory activation of vascular endothelial growth factor receptor 2 and reduced expression of vascular endothelial growth factor receptor 1. PLoS One. (2017) 12:e0182509. doi: 10.1371/journal.pone.0182509
	188. Hiden, U, Lassance, L, Tabrizi, NG, Miedl, H, Tam-Amersdorfer, C, Cetin, I, et al. Fetal insulin and IGF-II contribute to gestational diabetes mellitus (GDM)-associated up-regulation of membrane-type matrix metalloproteinase 1 (MT1-MMP) in the human feto-placental endothelium. J Clin Endocrinol Metab. (2012) 97:3613–21. doi: 10.1210/jc.2012-1212
	189. Atallah, R, Gindlhuber, J, Platzer, W, Barnthaler, T, Tatzl, E, Toller, W, et al. SUCNR1 is expressed in human placenta and mediates angiogenesis: significance in gestational diabetes. Int J Mol Sci. (2021) 22:12048. doi: 10.3390/ijms222112048
	190. Prieto, CP, Casas, BS, Falcon, P, Villanueva, A, Lois, P, Lattus, J, et al. Downregulation of the netrin-1 receptor UNC5b underlies increased placental angiogenesis in human gestational diabetes mellitus. Int J Mol Sci. (2019) 20:1408. doi: 10.3390/ijms20061408
	191. Chang, SC, and Vivian Yang, WC. Hyperglycemia induces altered expressions of angiogenesis associated molecules in the trophoblast. Evid Based Complement Alternat Med. (2013) 2013:457971. doi: 10.1155/2013/457971
	192. Klid, S, Algaba-Chueca, F, Maymo-Masip, E, Guarque, A, Ballesteros, M, Diaz-Perdigones, C, et al. The angiogenic properties of human amniotic membrane stem cells are enhanced in gestational diabetes and associate with fetal adiposity. Stem Cell Res Ther. (2021) 12:608. doi: 10.1186/s13287-021-02678-y
	193. Alqudah, A, Eastwood, KA, Jerotic, D, Todd, N, Hoch, D, McNally, R, et al. FKBPL and SIRT-1 are downregulated by diabetes in pregnancy impacting on angiogenesis and endothelial function. Front Endocrinol (Lausanne). (2021) 12:650328. doi: 10.3389/fendo.2021.650328
	194. Meng, Q, Shao, L, Luo, X, Mu, Y, Xu, W, Gao, L, et al. Expressions of VEGF-A and VEGFR-2 in placentae from GDM pregnancies. Reprod Biol Endocrinol. (2016) 14:61. doi: 10.1186/s12958-016-0191-8
	195. Ye, HH, Yang, SH, and Zhang, Y. MEG3 damages fetal endothelial function induced by gestational diabetes mellitus via AKT pathway. Eur Rev Med Pharmacol Sci. (2018) 22:8553–60. doi: 10.26355/eurrev_201812_16617
	196. Zhou, J, Ni, X, Huang, X, Yao, J, He, Q, Wang, K, et al. Potential role of hyperglycemia in fetoplacental endothelial dysfunction in gestational diabetes mellitus. Cell Physiol Biochem. (2016) 39:1317–28. doi: 10.1159/000447836
	197. Tamareille, S, Mignen, O, Capiod, T, Rucker-Martin, C, and Feuvray, D. High glucose-induced apoptosis through store-operated calcium entry and calcineurin in human umbilical vein endothelial cells. Cell Calcium. (2006) 39:47–55. doi: 10.1016/j.ceca.2005.09.008
	198. Najafi, L, Honardoost, M, Khajavi, A, Cheraghi, S, Kadivar, M, and Khamseh, ME. The association of umbilical coiling and angiogenesis markers: Impact assessment of gestational diabetes. Placenta. (2022) 129:70–6. doi: 10.1016/j.placenta.2022.09.006
	199. Kang, J, Lee, CN, Li, HY, Hsu, KH, and Lin, SY. Genome-wide DNA methylation variation in maternal and cord blood of gestational diabetes population. Diabetes Res Clin Pract. (2017) 132:127–36. doi: 10.1016/j.diabres.2017.07.034
	200. Sevilla-Domingo, M, Olivo-Ramirez, CG, Huerta-Padilla, VM, Gomez-Diaz, RA, Gonzalez-Carranza, E, Acevedo-Rodriguez, GE, et al. Downregulation of SLC16A11 is present in offspring of mothers with gestational diabetes. Arch Med Res. (2022) 53:516–23. doi: 10.1016/j.arcmed.2022.07.002
	201. Zhu, W, Shen, Y, Liu, J, Fei, X, Zhang, Z, Li, M, et al. Epigenetic alternations of microRNAs and DNA methylation contribute to gestational diabetes mellitus. J Cell Mol Med. (2020) 24:13899–912. doi: 10.1111/jcmm.v24.23
	202. Cvitic, S, Novakovic, B, Gordon, L, Ulz, CM, Muhlberger, M, Diaz-Perez, FI, et al. Human fetoplacental arterial and venous endothelial cells are differentially programmed by gestational diabetes mellitus, resulting in cell-specific barrier function changes. Diabetologia. (2018) 61:2398–411. doi: 10.1007/s00125-018-4699-7
	203. Knabl, J, Hiden, U, Huttenbrenner, R, Riedel, C, Hutter, S, Kirn, V, et al. GDM alters expression of placental estrogen receptor alpha in a cell type and gender-specific manner. Reprod Sci. (2015) 22:1488–95. doi: 10.1177/1933719115585147
	204. Sultan, S, and AlMalki, S. Analysis of global DNA methylation and epigenetic modifiers (DNMTs and HDACs) in human foetal endothelium exposed to gestational and type 2 diabetes. Epigenetics. (2023) 18:2201714. doi: 10.1080/15592294.2023.2201714
	205. Sun, M, Song, MM, Wei, B, Gao, Q, Li, L, Yao, B, et al. 5-Hydroxymethylcytosine-mediated alteration of transposon activity associated with the exposure to adverse in utero environments in human. Hum Mol Genet. (2016) 25:2208–19. doi: 10.1093/hmg/ddw089
	206. Han, N, Fang, HY, Jiang, JX, and Xu, Q. Downregulation of microRNA-873 attenuates insulin resistance and myocardial injury in rats with gestational diabetes mellitus by upregulating IGFBP2. Am J Physiol Endocrinol Metab. (2020) 318:E723–E35. doi: 10.1152/ajpendo.00555.2018
	207. Zhang, L, Wu, Q, Zhu, S, Tang, Y, Chen, Y, Chen, D, et al. Chemerin-Induced Down-Regulation of Placenta-Derived Exosomal miR-140-3p and miR-574-3p Promotes Umbilical Vein Endothelial Cells Proliferation, Migration, and Tube Formation in Gestational Diabetes Mellitus. Cells. (2022) 11:3457. doi: 10.3390/cells11213457
	208. Hromadnikova, I, Kotlabova, K, Dvorakova, L, Krofta, L, and Sirc, J. Substantially altered expression profile of diabetes/cardiovascular/cerebrovascular disease associated microRNAs in children descending from pregnancy complicated by gestational diabetes mellitus-one of several possible reasons for an increased cardiovascular risk. Cells. (2020) 9:1557. doi: 10.3390/cells9061557
	209. Hromadnikova, I, Kotlabova, K, and Krofta, L. Cardiovascular disease-associated microRNAs as novel biomarkers of first-trimester screening for gestational diabetes mellitus in the absence of other pregnancy-related complications. Int J Mol Sci. (2022) 23:10635. doi: 10.3390/ijms231810635
	210. Ran, G, Zhu, X, and Qin, Y. LncRNA SOX2OT is upregulated in gestational diabetes mellitus (GDM) and correlated with multiple adverse events. Diabetes Metab Syndr Obes. (2021) 14:3989–95. doi: 10.2147/DMSO.S319739
	211. She, W, Li, T, Liu, Y, and Liu, X. CircRNA circVEGFC is highly expressed in gestational diabetes mellitus (GDM) and it is correlated with multiple adverse events. Diabetes Metab Syndr Obes. (2021) 14:4409–14. doi: 10.2147/DMSO.S334728
	212. McIntyre, HD, Catalano, P, Zhang, C, Desoye, G, Mathiesen, ER, and Damm, P. Gestational diabetes mellitus. Nat Rev Dis Primers. (2019) 5:47. doi: 10.1038/s41572-019-0098-8
	213. Tarry-Adkins, JL, Ozanne, SE, and Aiken, CE. Impact of metformin treatment during pregnancy on maternal outcomes: a systematic review/meta-analysis. Sci Rep. (2021) 11:9240. doi: 10.1038/s41598-021-88650-5
	214. Anness, AR, Nath, M, Osman, MW, Webb, D, Robinson, T, Khalil, A, et al. Does treatment modality affect measures of arterial stiffness in women with gestational diabetes? Ultrasound Obstet Gynecol. (2023) 62:422–9. doi: 10.1002/uog.26234
	215. Laredo-Aguilera, JA, Gallardo-Bravo, M, Rabanales-Sotos, JA, Cobo-Cuenca, AI, and Carmona-Torres, JM. Physical activity programs during pregnancy are effective for the control of gestational diabetes mellitus. Int J Environ Res Public Health. (2020) 17:6151. doi: 10.3390/ijerph17176151
	216. Ruchat, SM, Davenport, MH, Giroux, I, Hillier, M, Batada, A, Sopper, MM, et al. Effect of exercise intensity and duration on capillary glucose responses in pregnant women at low and high risk for gestational diabetes. Diabetes Metab Res Rev. (2012) 28:669–78. doi: 10.1002/dmrr.v28.8
	217. Avery, MD, Leon, AS, and Kopher, RA. Effects of a partially home-based exercise program for women with gestational diabetes. Obstet Gynecol. (1997) 89:10–5. doi: 10.1016/S0029-7844(97)84256-1
	218. Sklempe Kokic, I, Ivanisevic, M, Kokic, T, Simunic, B, and Pisot, R. Acute responses to structured aerobic and resistance exercise in women with gestational diabetes mellitus. Scand J Med Sci Sports. (2018) 28:1793–800. doi: 10.1111/sms.2018.28.issue-7
	219. Huifen, Z, Yaping, X, Meijing, Z, Huibin, H, Chunhong, L, Fengfeng, H, et al. Effects of moderate-intensity resistance exercise on blood glucose and pregnancy outcome in patients with gestational diabetes mellitus: A randomized controlled trial. J Diabetes Complications. (2022) 36:108186. doi: 10.1016/j.jdiacomp.2022.108186
	220. Chatzakis, C, Sotiriadis, A, Fatouros, IG, Jamurtas, AZ, Deli, CK, Papagianni, M, et al. The effect of physical exercise on oxidation capacity and utero-placental circulation in pregnancies with gestational diabetes mellitus and uncomplicated pregnancies, a pilot study. Diagnostics (Basel). (2022) 12:1732. doi: 10.3390/diagnostics12071732
	221. Kintiraki, E, Dipla, K, Triantafyllou, A, Koletsos, N, Grigoriadou, I, Poulakos, P, et al. Blunted cerebral oxygenation during exercise in women with gestational diabetes mellitus: associations with macrovascular function and cardiovascular risk factors. Metabolism. (2018) 83:25–30. doi: 10.1016/j.metabol.2018.01.009
	222. Rasmussen, L, Poulsen, CW, Kampmann, U, Smedegaard, SB, Ovesen, PG, and Fuglsang, J. Diet and healthy lifestyle in the management of gestational diabetes mellitus. Nutrients. (2020) 12:3050. doi: 10.3390/nu12103050
	223. Yamamoto, JM, Kellett, JE, Balsells, M, Garcia-Patterson, A, Hadar, E, Sola, I, et al. Gestational diabetes mellitus and diet: A systematic review and meta-analysis of randomized controlled trials examining the impact of modified dietary interventions on maternal glucose control and neonatal birth weight. Diabetes Care. (2018) 41:1346–61. doi: 10.2337/dc18-0102
	224. Lauszus, FF, Rasmussen, OW, Henriksen, JE, Klebe, JG, Jensen, L, Lauszus, KS, et al. Effect of a high monounsaturated fatty acid diet on blood pressure and glucose metabolism in women with gestational diabetes mellitus. Eur J Clin Nutr. (2001) 55:436–43. doi: 10.1038/sj.ejcn.1601193
	225. Babadi, M, Khorshidi, A, Aghadavood, E, Samimi, M, Kavossian, E, Bahmani, F, et al. The effects of probiotic supplementation on genetic and metabolic profiles in patients with gestational diabetes mellitus: a randomized, double-blind, placebo-controlled trial. Probiotics Antimicrob Proteins. (2019) 11:1227–35. doi: 10.1007/s12602-018-9490-z
	226. Kijmanawat, A, Panburana, P, Reutrakul, S, and Tangshewinsirikul, C. Effects of probiotic supplements on insulin resistance in gestational diabetes mellitus: A double-blind randomized controlled trial. J Diabetes Investig. (2019) 10:163–70. doi: 10.1111/jdi.2019.10.issue-1
	227. Okesene-Gafa, KA, Moore, AE, Jordan, V, McCowan, L, and Crowther, CA. Probiotic treatment for women with gestational diabetes to improve maternal and infant health and well-being. Cochrane Database Syst Rev. (2020) 6:CD012970. doi: 10.1002/14651858.CD012970.pub2
	228. Callaway, LK, McIntyre, HD, Barrett, HL, Foxcroft, K, Tremellen, A, Lingwood, BE, et al. Probiotics for the prevention of gestational diabetes mellitus in overweight and obese women: findings from the SPRING double-blind randomized controlled trial. Diabetes Care. (2019) 42:364–71. doi: 10.2337/dc18-2248
	229. Movaghar, R, Farshbaf-Khalili, A, Hajizade, K, MirzaRezaei, ME, and Shahnazi, M. The effect of probiotics or synbiotics on the hypertensive disorders of pregnant women with gestational diabetes: A systematic review and meta-analysis. J Caring Sci. (2022) 11:94–104. doi: 10.34172/jcs.2021.027
	230. Chu, X, Yan, P, Zhang, N, Feng, L, Li, X, Wang, Y, et al. Probiotics for preventing gestational diabetes mellitus in overweight or obese pregnant women: A systematic review and meta-analysis. Clin Nutr ESPEN. (2022) 50:84–92. doi: 10.1016/j.clnesp.2022.05.007




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Zhang, Zhang, Huang, Li, Li, Qi, He, Xu and Tang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 23 June 2025

doi: 10.3389/fendo.2025.1588965

[image: image2]


The association between obesity-related indicators and female infertility: the United States National Health and Nutrition Examination Survey, 2013–2018


Chunming Yu, Haishuang Wu, Xin Sun, Min Cao and Jing Yuan *


Department of Obstetrics and Gynecology, The First Affiliated Hospital of Harbin Medical University, Harbin Medical University, Harbin, Heilongjiang, China




Edited by: 

Zhice Xu, Wuxi Maternity and Child Health Care Hospital, China

Reviewed by: 

Gennaro Lettieri, University of Naples Federico II, Italy Małgorzata Natalia Słoma-Krześlak, Śląskiego Uniwersytetu Medycznego, Poland

*Correspondence: 

Jing Yuan
 hmuyuanjing@163.com


Received: 06 March 2025

Accepted: 02 June 2025

Published: 23 June 2025

Citation:
Yu C, Wu H, Sun X, Cao M and Yuan J (2025) The association between obesity-related indicators and female infertility: the United States National Health and Nutrition Examination Survey, 2013–2018. Front. Endocrinol. 16:1588965. doi: 10.3389/fendo.2025.1588965






Background

Infertility is a public health issue closely related to obesity. However, the relationship between obesity-related indicators and infertility is currently uncertain. The present study aimed to explore the association between obesity-related indicators and female infertility.





Methods

This cross-sectional study included data for 2,875 adult females aged 20–45 years from the National Health and Nutrition Examination Survey conducted between 2013 and 2018. Logistic regression models, restricted cubic spline (RCS), and receiver operating characteristic (ROC) analyses were used to evaluate the relationship between obesity-related indicators [body shape index (ABSI), weight-adjusted waist index (WWI), body roundness index (BRI), waist-to-height ratio (WHtR), non-HDL cholesterol to HDL cholesterol ratio (NHHR), relative fat mass (RFM), body mass index (BMI), and waist circumference (WC)] and female infertility.





Results

Adult females were divided into five groups based on their ABSI, WWI, BRI, WHtR, NHHR, RFM, BMI, and WC. Individuals in the highest quintile for ABSI, WWI, BRI, WHtR, NHHR, RFM, BMI, and WC had a higher risk of infertility compared to those in the lowest quintile. The respective adjusted odds ratio values were 1.65 (95% confidence interval (CI), 1.14 to 2.42), 1.71 (95% CI, 1.15 to 2.57), 2.09 (95% CI, 1.39 to 3.19), 2.09 ( 95% CI, 1.39 to 3.19), 1.71 (95% CI, 1.14 to 2.59), 2.09 (95% CI, 1.39 to 3.19), 2.10 (95% CI, 1.40 to 3.18), and 2.28 (95% CI, 1.52 to 3.47). The p for trend values were 0.027, <0.001, <0.001, <0.001, 0.002, <0.001, <0.001, and <0.001after controlling for a series of confounding factors. RCS analyses showed a linear correlation between ABSI, WWI, BRI, WHtR, RFM, BMI, and WC and infertility (Pnonlinear > 0.05). A nonlinear association was observed between NHHR and infertility (Pnonlinear = 0.006). The ROC curve demonstrated that BRI, WHtR, RFM, and WC exhibited relatively high diagnostic efficiency for infertility, particularly among women aged 20–35 years.





Conclusions

The WHtR, RFM, WC, and BRI are superior to BMI in predicting and diagnosing infertility, particularly among individuals aged 20–35 years. Consequently, these indices show promise as more effective tools for identifying populations at an early risk of infertility. To confirm these findings, future studies, such as Mendelian randomization or cohort studies, are warranted.





Keywords: obesity, infertility, National Health and Nutrition Examination Survey, restricted cubic splines analysis, receiver operating characteristic analysis




1 Introduction

Infertility is a universal health issue that is defined as a failure to establish a clinical pregnancy after one year of regular, unprotected sexual intercourse. It affects approximately 10% of reproductive-aged couples attempting to conceive (1, 2). Infertility is estimated to have an impact on as many as 186 million people worldwide (3). It has been reported that couples in developed countries suffer from primary infertility more often (4). Although male infertility accounts for more than half of the cases, infertility remains a serious social burden on women (3). Identifying potential risk factors that influence fertility prevention and management, as well as reliable markers for predicting infertility risk, holds great significance for public health.

Obesity is defined as having a body mass index (BMI) of 30 kg/m² or above. It significantly increases the risk of cardiovascular disease (CVD), type 2 diabetes mellitus (T2DM) (5), metabolic disorders, cancers (6), and infertility (7). BMI is the most commonly used body mass indicator and is closely related to various diseases associated with excessive weight and obesity. Abdominal obesity is characterized by the accumulation of fat around the visceral organs within the abdominal cavity. It is a widespread issue that is closely linked to infertility (8). When assessing the degree of obesity, BMI does not take into account fat distribution, particularly in cases of abdominal obesity. Therefore, there may be limitations in using BMI to predict the occurrence of infertility (9). However, the relationship between other obesity indicators, particularly those related to abdominal obesity, and infertility remains unclear.

New anthropometric indices that combine height and waist circumference (WC), such as body shape index (ABSI), weight-adjusted waist index (WWI), body roundness index (BRI), or waist-to-height ratio (WHtR), can effectively provide detailed information about body shape and fat distribution. In addition, the non-HDL cholesterol to HDL cholesterol ratio (NHHR) and relative fat mass (RFM) can reflect the status of visceral fat.

On this basis, the present study for the first time utilized data from the National Health and Nutrition Examination Survey (NHANES) to systematically investigate the relationship between indicators associated with fat distribution and infertility issues and separately examined their predictive power for infertility. This information may be crucial for enhancing infertility diagnosis and prevention, as well as promoting the development of reproductive health.




2 Methods



2.1 Study population

The NHANES is a cross-sectional study utilizing a stratified, multistage sampling design, with data for the United States civilian non-institutionalized population released in two-year cycles. The program covers clinical, physical, and laboratory examinations, as well as interviews in order to obtain diet and health indicators. It has played a pivotal role in informing health policy decisions. Detailed NHANES information has been provided previously (10). The NHANES protocol was approved by the National Center for Health Statistics Research Ethics Review Board, and all participants provided informed consent. Data accumulation was performed by the National Center for Health Statistics with approval from their ethics review board. All databases can be obtained from the NHANES website (https://wwwn.cdc.gov/nchs/nhanes/Default.aspx).

A total of 29,400 participants in the NHANES (2013–2018) were evaluated for the present study. The research sample excluded male participants (n=14,452), those younger than 20 years or older than 45 years (n=11,093), participants with missing information on infertility (n=603), those who have undergone hysterectomy or bilateral oophorectomy (n=141), and individuals with missing critical baseline information, such as height and weight (n=236). As a result, 2,875 adult females were enrolled in the study, including 369 with infertility issues.




2.2 ABSI, WWI, BRI, WHtR, NHHR, and RFM assessment

Anthropometric measurements, such as body height, body weight, and WC, were collected by trained examiners at a mobile examination center equipped with standardized tools. Participants’ body mass was evaluated using calibrated platform scales with a precision of 0.1 kg, and their height was measured with stadiometers while standing and was accurate to 0.1 cm. These measurements were obtained with participants wearing light clothing and no shoes. ABSI was calculated using the following formula: 1000×WC (m) × height (m)5/6×weight (kg)-2/3 (11). WWI was determined by dividing WC (cm) by the square root of body weight (kg) (12). BRI was calculated using the following formula: 364.2−365.5 × (1−[WC(m)/2 × π]2 /[0.5×height(m)] × 2)1/2 (13). WHtR was calculated by dividing WC (cm) by the participant’s height (cm) (14). The formula for calculating RFM was as follows: RFM = 64 − (20 × height (cm)/WC (cm)) + (12 × gender), where genders 1 and 0 denoted females and males, respectively (15). The data source for the NHHR calculations was derived from the laboratory data in NHANES called ‘HDL.Doc’ that provides HDL data and ‘TCHOL.Doc’ that provides total cholesterol data. The NHHR data were obtained using the formula for total cholesterol minus HDL and then divided by HDL (16). BMI was calculated as follows: body weight (kg)/height(m)2 (17).




2.3 Infertility diagnosis

Infertility was defined as a failure to achieve pregnancy after one year of unprotected intercourse. The presence of infertility was determined by self-reporting in a questionnaire, with female participants indicating a positive response to either of the following two questions: “Have you attempted to conceive for at least one year without success?” or “Have you sought medical assistance for infertility?” being classified as ever infertile (18).




2.4 Confounding measurements

Potential covariates in the study included age (years), race (Mexican American, Other Hispanic, Non-Hispanic White, Non-Hispanic Black, or Other Race), education level (<9th grade, 9–11th grade, high school graduate, GED or equivalent, some college or associate’s degree, or college graduate or above), smoking status (never smoked, current smoker, or former smoker), regular exercise (yes/no), marital status (married, widowed, divorced, separated, or never married), annual household income (≤$20,000 or>$20,000), alcohol intake (drinks/week), total energy intake (kcal/day), alternative healthy eating index (AEHI),T2DM status (yes/no), cancer status (yes/no), CVD status (yes/no), systemic immune-inflammation index (SII), systolic blood pressure (mmHg), and diastolic blood pressure (mmHg). The amount of alcohol consumed was measured by the number of drinks, where a standard drink was any drink that contained about 0.6 fluid ounces or 14g of pure alcohol. T2DM was defined by a self-reported diagnosis, an HbA1c level of ≥ 6.5%, or a fasting plasma glucose level of ≥7.0mmol/L. CVD was defined as a self-reported diagnosis history of heart failure, coronary heart disease, angina/angina pectoris, heart attack, or stroke (19). The AHEI was developed from the original Healthy Eating Index, which included 11 food components identified through a comprehensive review of studies (14). The SII level was determined by multiplying the platelet count by the neutrophil count/lymphocyte count (20).




2.5 Statistical methods

All analyses incorporated dietary sample weights, stratification, and clustering of the complex sampling design to ensure nationally representative estimates according to the NHANES analytic guidelines. General linear models and chi-square tests were used to compare baseline characteristics by quintiles. Continuous variables were expressed as mean ± standard deviation, while classified variables were expressed as percentages. Missing covariables at <5% were filled in using multiple interpolation. When the missing value of a variable was >5%, it was deleted to avoid affecting the results. A two-sided P value of <0.05 was considered statistically significant. All statistical analyses were performed using R software version 3.5.3.



2.5.1 Logistic regression models

Adult females were divided into five groups based on their ABSI, WWI, BRI, WHtR, NHHR, RFM, BMI, and WC. Logistic regression models were used to evaluate ABSI, WWI, BRI, WHtR, NHHR, RFM, BMI, and WC and the risk of infertility. Odds ratio (OR) and their 95% confidence interval (CI) were estimated in logistic regression models with the lowest quintile of ABSI, WWI, BRI, WHtR, NHHR, RFM, BMI, and WC as the reference category. A series of potential confounders were adjusted for in the process of statistical analysis, including age, race, education level, smoking status, regular exercise, marital status, annual household income, alcohol intake, total energy intake, AEHI, T2DM status, cancer status, CVD status, SII, systolic blood pressure, and diastolic blood pressure.




2.5.2 Restricted cubic splines analysis

To account for the dose-response relationship (linear or nonlinear) between ABSI, WWI, BRI, WHtR, NHHR, RFM, BMI, and WC and infertility, RCS analyses adjusted for the same variables as the above analyses were performed at the 5th, 50th, and 95th percentiles of the ABSI, WWI, BRI, WHtR, NHHR, RFM, BMI, and WC distributions. Three nodes were set to exclude the most extreme 5% values to reduce the potential impact of the outliers. Nonlinearity tests were performed using the likelihood ratio test.




2.5.3 Receiver operating characteristic curves

ROC curves were used for diagnostic value analysis. The area under the curve (AUC) as measured by the C-statistic was computed to quantify the predictive power of ABSI, WWI, BRI, WHtR, NHHR, RFM, BMI, and WC for infertility.




2.5.4 Sensitivity analysis

Three sets of sensitivity analyses were conducted to verify the stability of the research results. First, some previous research studies determined infertility based on the response to the following question: “Have you ever attempted to become pregnant over at least a year, without becoming pregnant?” Women answering "yes" were considered infertile, whereas those answering "no" were deemed normal (21). Therefore, the present study conducted analysis using only this single question as the criterion for determining infertility in sensitivity analysis 1. Second, in sensitivity analyses 2 and 3, the statistical evaluations were conducted separately within the two age groups of 20–35- and 36–45-year-olds.






3 Results



3.1 Demographic characteristics of participants

The present study evaluated 2,875 adult females, including 369 cases of infertility. Baseline population characteristics in terms of BRI in quintiles are shown in Table 1. Age, race, education level, smoking status, moderate physical activity, marital status, annual household income, AEHI, T2DM status, cancer status, SII, systolic blood pressure, and diastolic blood pressure were significantly different across quintiles 1–5 (p<0.05). There was no significant difference in CVD status, alcohol intake, and total energy intake among these quintiles (p>0.05).

Table 1 | Baseline characteristics in terms of quintiles of BRI: NHANES, 2013-2018 (N=2,875).


[image: Table displaying characteristics of five quintiles (Q1 to Q5) with 575 individuals each, comparing variables such as age, education, ethnicity, lifestyle factors, health metrics, and various indexes. P-values indicate statistical significance, with most values below 0.001, suggesting notable differences among quintiles for many factors.]



3.2 Association between ABSI, WWI, BRI, WHtR, NHHR, RFM, BMI, and WC and infertility

Logistic regression results for the association between ABSI, WWI, BRI, WHtR, NHHR, RFM, BMI, and WC and the risk of infertility are shown in Table 2. Individuals in the highest quintile for ABSI, WWI, BRI, WHtR, NHHR, RFM, BMI, and WC had a higher risk of infertility compared to those in the lowest quintile. The respective adjusted OR values were1.65(95% CI, 1.14 to 2.42), 1.71(95% CI, 1.15 to 2.57), 2.09(95% CI, 1.39 to 3.19), 2.09 ( 95% CI, 1.39 to 3.19), 1.71(95% CI, 1.14 to 2.59), 2.09 (95% CI, 1.39 to 3.19), 2.10 (95% CI, 1.40 to 3.18), and 2.28 (95% CI, 1.52 to 3.47), with the p for trend values of 0.027, <0.001, <0.001, <0.001, 0.002, <0.001, <0.001, and <0.001after controlling for age, race, education level, smoking status, regular exercise, marital status, annual household income, alcohol intake, total energy intake, AEHI, T2DM status, cancer status, CVD status, SII, systolic blood pressure, and diastolic blood pressure.

Table 2 | The association between obesity-related indicators and female infertility among individuals aged 20–45 by logistic regression models (N = 2,875).


[image: A table displaying data across five models (ABSI, WWI, BRI, WHtR, NHIHR, RFM, BMI, WC) compared through quintiles (Q1-Q5). Each row shows case numbers and model adjustments for Q1 as reference, with adjusted estimations for Q2-Q5. P-values indicate trend significance, showing data adjustment for variables like age, race, and health status.]



3.3 RCS analysis investigating the association between ABSI, WWI, BRI, WHtR, NHHR, RFM, BMI, and WC and infertility

RCS curve was utilized to explore and visualize the associations between ABSI, WWI, BRI, WHtR, NHHR, RFM, BMI, and WC and infertility after adjusting for all covariates in the master analytical model 3 above (Figure 1). The research results indicated that a linear correlation was present between ABSI, WWI, BRI, WHtR, RFM, BMI, and WC and infertility (Pnonlinear > 0.05). However, a nonlinear association was observed between NHHR and infertility (Pnonlinear = 0.006).

[image: Eight graphs display odds ratios with 95% confidence intervals for different indices. The indices are ABSI, WWI, BRI, WHtR, NHHR, RFM, BMI, and WC. Each graph shows a line with a shaded area, indicating confidence intervals, and a nonlinear P-value. The odds ratio is on the y-axis, ranging from approximately 0.5 to 4 or more, and the respective index is on the x-axis, with a horizontal line at odds ratio 1 for reference.]
Figure 1 | Associations between obesity-related indicators and female infertility were evaluated by RCS after adjustment for age, race, education level, smoking status, moderate physical activity, marital status, annual household income, alcohol intake, total energy intake, AEHI, T2DM status, cancer status, CVD status, SII, systolic blood pressure and diastolic blood pressure. The solid black lines correspond to the central estimates, and the gray-shaded regions indicate the 95% confidence intervals.




3.4 ROC curves for ABSI, WWI, BRI, WHtR, NHHR, RFM, BMI, and WC and infertility

Figure 2 demonstrates the diagnostic effects of ABSI, WWI, BRI, WHtR, NHHR, RFM, BMI, and WC on infertility. The ROC curve shows that BRI, WHtR, RFM, and WC had the highest diagnostic efficacy for infertility (AUC: 0.592, 95% CI 0.560–0.624), followed by WWI (AUC: 0.583, 95% CI 0.551–0.614) and NHHR (AUC: 0.576, 95% CI 0.544–0.609).

[image: ROC curve graph showing sensitivity versus 1-specificity for multiple indices: ABSI, WWI, BRI, WHtR, NHHR, RFM, BMI, and WC. Each index has a different color with AUC values ranging from 0.554 to 0.592. A diagonal line represents random prediction.]
Figure 2 | Receiver operating characteristic (ROC) curves of obesity-related indicators in relation to female infertility.




3.5 Sensitivity analysis

When infertility was determined solely based on the question "Have you ever attempted to become pregnant over at least a year, without becoming pregnant?", individuals in the highest quintile for ABSI, WWI, BRI, WHtR, NHHR, RFM, BMI, and WC had a higher risk of infertility compared to those in the lowest quintile. The respective adjusted OR values were 1.76(95% CI, 1.23 to 2.54), 1.74(95% CI, 1.19 to 2.57), 2.11(95% CI, 1.43 to 3.15), 2.11(95% CI, 1.43 to 3.15), 1.67(95% CI, 1.14 to 2.47), 2.11(95% CI, 1.43 to 3.15), 2.17(95% CI, 1.48 to 3.22), and 2.33(95% CI, 1.57 to 3.48), and with the p for trend values of <0.05. Among people aged 20-35, the respective adjusted OR values were 2.15(95% CI,1.23 to 3.87), 3.09(95% CI,1.65 to 6.10), 3.02(95% CI,1.60 to 5.98), 3.02(95% CI,1.60 to 5.98), 1.87(95% CI,1.05 to 3.44), 3.02(95% CI,1.60 to 5.98), 2.55(95% CI,1.38 to 4.78), and 2.81(95% CI,1.50 to 5.50), and with the p for trend values of <0.05.

However, no statistical significance was found between ABSI, WWI, and WC and infertility in the population aged 36–45 years. The respective adjusted OR values were 0.98(95% CI, 0.59 to 1.63), 1.20 (95% CI, 0.72 to 2.01), and 1.49 (95% CI, 0.88 to 2.56), with the p for trend values of 0.949, 0.279, and 0.073. Detailed results are provided in Supplementary Tables 1–3. In addition, BRI had relatively high diagnostic efficacy for infertility among people aged 20-35 (AUC: 0.624, 95% CI 0.577–0.667), followed by WHtR, RFM, and WC (AUC: 0.621, 95% CI 0.577–0.669), and the detailed results were presented in Figure 3.

[image: Three ROC curves for different sensitivity analyses. Each graph plots sensitivity versus one minus specificity, displaying lines for various metrics, including ABSI, WWI, BRI, and others. Annotations indicate AUC values for each metric, with legends provided for line colors. Analyses demonstrate variations in model performance, reflected in differing AUCs across the analyses.]
Figure 3 | Receiver operating characteristic (ROC) curves of obesity-related indicators in relation to female infertility. Sensitivity analysis 1:Infertility was determined solely through the single question: "Have you ever attempted to become pregnant over at least a year, without becoming pregnant?". Sensitivity analysis 2:Population aged 20-35. Sensitivity analysis 3:Population aged 36-45.





4 Discussion

To the best of our knowledge, this is the first study to systematically explore the association between obesity-related indicators and female infertility. The study findings revealed a notable link between ABSI, WWI, BRI, WHtR, NHHR, RFM, BMI, and WC and infertility after adjusting for a series of confounding factors. The WHtR, RFM, WC, and BRI are superior to BMI in predicting and diagnosing infertility, particularly among individuals aged 20–35 years. Thus, they can serve as potential indicators for infertility prevention and intervention. Managing central obesity may help to reduce the prevalence of infertility.

In the general population, the ROC curve shows that BRI, WHtR, RFM, and WC had relatively high diagnostic efficacy for infertility (AUC: 0.592, 95% CI 0.560–0.624). However, their diagnostic utility remains limited. Among people aged 20-35, compared with other obesity-related indicators, BRI had relatively higher diagnostic efficacy for infertility (AUC: 0.624, 95% CI 0.577–0.667). Notably, the performance of BRI in diagnosing infertility was significantly better than that in the general population. This underscores the importance of focusing on the diagnostic capability of BRI in infertility in our subsequent research.

The specific mechanism that leads to the incidence of female infertility remains unclear. BMI, which relies solely on height and weight, is often used as a common indicator to determine if someone is overweight or obese, and obesity is a risk factor for infertility. Previous research has shown that excessive fat tissue can disrupt hormonal balance, thereby leading to irregularities in ovulation and menstrual cycles (22). Higher waist measurement values can indicate an excessive fat tissue deposition in the epigastrium (23). A series of indicators, including BRI, WHtR, RFM, and WC, are a new type of obesity measurement indices that take WC measurements into full consideration. They can effectively assess visceral fat distribution among individuals, providing advantages over the traditional BMI (24). In this study, we found that BRI, WHtR, RFM, and WC demonstrated significantly higher diagnostic efficacy for infertility than BMI. Previous studies have indicated BMI may not accurately predict infertility prevalence due to its limitations in distinguishing between fat and muscle mass, and not considering fat distribution, particularly in cases of abdominal obesity (8). This study has confirmed the findings of previous research. It also suggests that in the process of clinical treatment or prevention of infertility, we should place significant emphasis on the impact of central obesity on infertility. Meanwhile, we should adopt effective measures to prevent and control the occurrence of central obesity, so as to reduce the risk of infertility.

Insulin resistance (IR) may provide a plausible explanation for the present study observations. The impact of IR on reproductive function is currently receiving increasing attention. Previous studies have shown that obesity, especially abdominal obesity, can lead to IR (25). Indeed, IR is closely associated with the development of multiple metabolic disorders, including T2DM, hypertension, atherosclerosis, and polycystic ovary syndrome (PCOS). PCOS is the most common cause of anovulatory infertility (26). Moreover, IR does not only heighten the risk of infertility in women with PCOS (27), but also raises the chances of infertility in non-PCOS women of reproductive age, especially those with irregular menstruation (28).

Dysbiosis of the gut microbiota may directly or indirectly contribute to the pathogenesis of these infertility disorders. Obesity can lead to gut microbiota disorders or promote intestinal stem cell proliferation (29). The intestinal microbiota regulate estrogen metabolism through the estrogen-gut axis and estrogen metabolites (estrobolome). Dysfunctions in these mechanisms may lead to gynecological disorders, such as endometriosis, infertility, chronic pelvic pain, and dysmenorrhea (30). In addition, dysbiosis of gut microbiota may induce systemic inflammation and interfere with estrogen metabolism and receptor activation in estrogen-regulated organs, influencing neurocognition, metabolism, and the onset of gynecologic diseases and infertility (31).Together, obesity and excess fat accumulation may lead to gut microbiome disruptions, which, in turn, can cause psychological issues, such as low self-esteem, depression, and anxiety, among women via metabolic products, ultimately impacting their fertility (32, 33).

Higher BRI, WHtR, RFM, and WC values indicate more abdominal fat, which can lead to health issues. Abdominal fat deposition can lead to low-grade inflammation through the action of cytokines and adipokines (34). Visceral adipose tissue is active endocrine tissue that is capable of producing inflammatory mediators, such as tumor necrosis factor α and interleukin-6. Excessive release of these mediators may trigger a chronic inflammatory response, causing damage to vascular endothelial cells and decreasing endometrial receptivity (35, 36). Fat tissue serves as a source of lipotoxic danger signals that trigger inflammation, causing a decrease in T lymphocyte production. A recent study indicated that a reduction in T cell numbers may result in enhanced immune cell activity and inflammatory responses, potentially leading to infertility (37, 38).

Systemic oxidative stress is positively correlated with visceral fat accumulation (39). The molecular mechanism underlying infertility induced by central obesity may be attributed to the impact of oxidative stress on oocytes, leading to infertility. Excessive ROS production damages the sperm membrane, proteins, and DNA, impairing sperm motility, viability, and the ability to fertilize an oocyte (40). Oxidative stress induces antral follicle atresia in animals, and FOXO1 is a key regulatory factor of oxidative stress that triggers follicular granulosa cell apoptosis (41). Meanwhile, oxidative stress triggers lipid peroxidation. The lipid peroxidation in the plasma membrane and the disruption of Ca²+ homeostasis damage the fluidity of the oocyte membrane, thereby impeding the fusion process with sperm (42).

The present study has several strengths. First, it is the first to systematically explore the relationship between obesity-related indicators and infertility risk using large-sample data. It emphasizes the relatively higher diagnostic efficacy of BRI, WHtR, RFM, and WC in predicting infertility among individuals aged 20 - 35. When compared with BMI, these indices show a more pronounced advantage in this regard. Second, NHANES is a nationally representative database based on a probability sample survey design in the United States that provides the most comprehensive and authoritative information on demographics and infertility, along with a detailed evaluation of lifestyle factors. Third, stratified analyses were conducted across different age groups, revealing significant relationships between obesity-related indicators and infertility in individuals aged 20–35 years.

However, several limitations should also be considered. First, the NHANES data are cross-sectional, which prevents us from inferring causal relationships between obesity-related indicators and infertility. Future studies may leverage Mendelian randomization or cohort studies to further explore the causal link between the two. Second, the outcome indicator of infertility is based on self - reporting. Thus, there may be recall bias as well as social desirability bias resulting from societal expectations, which may have inflated the prevalence estimate. Additionally, during the process of self - disclosure, respondents may classify information based on their own subjective feelings or experiences, leading to misclassification. Third, the study was conducted using solely the data from the United States, and although multiple ethnicities were included, the generalizability of the findings to the general population requires further confirmation through large-scale prospective cohort studies. Last, despite adjusting for a wide range of major confounding factors during the analysis, any associations between obesity-related indicators and infertility may still be influenced by other unobserved or unknown confounding factors, such as unavailability of detailed information on spermiograms, PCOS and endometriosis, which may impact the study results. PCOS can lead to elevated androgen levels (hyperandrogenism), the development of ovarian cysts or ovarian enlargement, ovulatory dysfunction (such as anovulation), and irregular menstrual cycles or amenorrhea. On the other hand, endometriosis is associated with the release of inflammatory mediators in the peritoneal fluid, which create an altered microenvironment that subsequently results in poor oocyte/embryo quality and reduced implantation rates.




5 Conclusions

Obesity-related indicators (ABSI, WWI, BRI, WHtR, NHHR, RFM, BMI, and WC) are associated with the incidence of infertility. The WHtR, RFM, WC, and BRI are superior to BMI in predicting and diagnosing infertility, particularly among individuals aged 20–35 years. Consequently, these indices show promise as more effective tools for identifying populations at an early risk of infertility. To confirm these findings, future studies, such as Mendelian randomization or cohort studies, are warranted.
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Objective

Isthmin-1 (ISM-1), a novel adipokine, has dual effects of increasing fat and glucose uptake while inhibiting hepatic fat synthesis. However, little literature has been found dealing with ISM-1 levels in type 2 diabetes patients with macroangiopathy. The aim of the study was to evaluate possible relationships between ISM-1 peptide levels and macrovascular (MACV) complications in type 2 diabetic subjects.





Methods

The study groups consisted of 20 normal controls (NC), 20 T2DM subjects, and 65 MACV subjects. Serum ISM-1 concentrations were determined using immunosorbent assay kits. Linear regression analysis was used to assess the correlation between serum ISM-1 levels and glucose and lipid indicators.





Results

The results showed that the serum ISM-1 levels were higher in T2DM subjects than normal controls but lower than MACV subjects (1.20 (0.86, 1.83) vs. 2.07 (1.06, 4.09), P<0.0001). In addition, positive correlations were found between: ISM-1 and systolic blood pressure (SBP) (r = 0.2934; P= 0.0024), ISM-1 and diastolic blood pressure (DBP) (r = 0.2041; P= 0.0368), ISM-1 and triglyceride (TG) (r = 0.3388; P= 0.0004), ISM-1 and FBG (r = 0.2586; P= 0.0077), ISM-1 and HbA1c (r = 0.4002; P< 0.0001), ISM-1 and TyG index (r = 0.3342; P= 0.0005), ISM-1 and HOMA-IR (r = 0.2558; P = 0.0085) in both MACV, T2DM and normal control subjects. Negative correlations were found between ISM-1 and high-density lipoprotein cholesterol (HDL-C) (r = -0.4065; P< 0.0001) and ISM-1 and HOMA-IS (r = -0.2106; P = 0.0319) in both subjects.





Conclusions

Our results indicated that MACV individuals have higher serum ISM-1 levels, and ISM-1 was positively correlative to glucolipid metabolism and blood pressure, suggesting ISM-1 may participate in the occurrence and development of MACV mainly by affecting glucose and lipid metabolism





Keywords: Isthmin-1, macrovascular complications of diabetes, T2DM, glucose metabolism, lipid metabolism




1 Introduction

By 2045, IDF projections show that 1 in 8 adults, approximately 783 million, will be living with diabetes, an increase of 46%. With the increasing incidence of diabetes worldwide, this chronic disease has become one of the important challenges affecting human health and quality of life. The characterization of diabetes mellitus, especially T2DM, is hyperglycemia and insulin resistance (1). Excess blood glucose can participate in multiple harmful metabolic pathways leading to the production of ceramides and excessive reactive oxygen species (ROS). These products can activate signaling molecules associated with diabetic macroangiopathy, such as protein kinase C, ultimately contributing to the occurrence of diabetic macroangiopathy. Besides, the disorder of lipid metabolism related to T2DM can result in excessive lipid deposition and subsequent lipotoxicity, which contributes to the occurrence of diabetic macroangiopathy. Therefore, understanding the precise molecular mechanism by which pathogenic variables cause diabetic macroangiopathy will facilitate the development of innovative therapies to combat the condition.

ISM-1, as an important adipokine discovered in recent years, plays a key role in physiological processes such as cell metabolism, energy balance and insulin sensitivity (2, 3). Many studies have shown that the abnormal expression or function of ISM-1 is closely related to the occurrence and development of diabetes and its complications. Previous clinical research has indicated that serum ISM-1 level is significantly increased in T2DM patients with diabetic retinopathy (DR) and is positively correlated with the risk of DR. It is an independent risk factor for DR in patients with type 2 diabetes mellitus (4). In addition, serum ISM-1 levels were positively and independently associated with the severity of albuminuria in patients with type 2 diabetes (5). Moreover, serum ISM-1 is negatively correlated with HDL-C in patients with T2DM (6). However, the relationship between serum ISM-1 functions and MACV in patients with T2DM has not been studied. Therefore, the aim of this study was to investigate the relationship between serum ISM-1 levels and MACV in patients with T2DM.




2 Materials and methods



2.1 Study design and participants

The present study was conducted at the Clinical Medical College, Yangzhou University. The present study consisted of 20 healthy volunteers, 20 T2DM volunteers, and 65 MACV volunteers, healthy volunteers according to a physical examination and routine laboratory tests. In this study, each participant gave official written consent, had normal exercise and eating behavior, and had no fat preference or fat aversion. Individuals with active hepatitis or liver cirrhosis, chronic renal failure on hemodialysis, or other known major diseases were precluded from the study. Diabetic ketoacidosis or hyperglycemic hyperosmolar state was excluded. To ensure the accuracy of the diagnosis of T2DM, we excluded patients with a disease duration of <1 month. To ensure the authenticity of blood lipid measurements, patients are using lipid-lowering medications. The assignment of patients with MACV, T2DM and normal controls must meet the diagnostic criteria of the World Health Organization. For T2DM: fasting venous serum value: ≥126 mg/dl or 75 g (2h) oral glucose tolerance test (OGTT) venous serum value: ≥200 mg/dl (7). Patients without typical symptoms need to be retested on different days. For normal controls: fasting venous serum value: <100 mg/dl or 75 g (2-h) OGTT venous serum value: <140 mg/dl (7). For MACV: The patients met the diagnostic criteria of cerebral atherosclerosis, carotid artery disease, coronary heart disease, or lower extremity atherosclerosis. The protocol of this study was approved by the Ethics Committee of Northern Jiangsu People’s Hospital Affiliated to Yangzhou University (No. 2022ky171-2).




2.2 Sample collection and detection

After an overnight fast, blood samples were collected from each participant at 8:00 a.m. and immediately centrifuged (4°C) as described previously. Briefly, within 30 minutes of collection, the blood samples (2 mL) were placed in prechilled EDTA tubes containing 100 μl of aprotinin (1 μg/mL) and centrifuged for 15 min. at 1000 g at 4°C. The separated serum was placed into vials and kept at -80°C until it was measured. Serum Ism-1 levels were measured using commercially available ELISA kits (Jianglaibio, Shanghai (China); JL14441). According to the manufacturer’s specification, the assay range for ISM-1 was 0.156–10 ng/mL, intra-assay precision CV%<10%, and inter-assay precision CV%<10%. The mean of the two measurements, which were all taken in duplicate, was taken into account. Age, sex, height, weight, blood pressure (SBP and DBP), history of smoking, alcohol consumption, lipid-lowering drug application and history of hypertension were assessed at enrollment. Clinical data were obtained from the hospital electronic medical record system and included HbA1c, total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C) and high-density lipoprotein cholesterol (HDL-C). Weight and height data were used to calculate BMI (BMI = weight (kg)/height (m2)). The HOMA-IR Index was calculated for each participant using the formula [fasting glucose (mmol/L) × fasting insulin (mIU/L)/22.5]. The HOMA-β (INS) index was calculated as [20 × fasting insulin (mIU/L)/(fasting glucose (mmol/L)-3.5) (%)]. The HOMA-IS index was calculated using the formula [1/HOMA-IR]. The HOMA-CR index was calculated as [1.5+fasting glucose (mmol/L) × fasting C peptide (ng/ml)/(2.8×0.333)]. The HOMA-β (C-peptide) index was calculated as [270×fasting C-peptide (ng/ml)/(fasting glucose (mmol/L)-3.5) (%)].





3 Statistical analysis

The statistical analyses were performed with GraphPad Prism v6.0 (GraphPad Software). All data were presented as mean ± SD. The differences between the groups were analyzed with an independent t-test or a Mann-Whitney test in the non-parametric distributions (not normally distributed). Possible correlations between parameters were evaluated by Pearson’s correlation coefficient analyses (normally distributed) or Spearman’s correlation coefficient analyses (not normally distributed). Statistical significance was considered to be P< 0.05.




4 Results



3.1 Serum ISM-1 levels were different in T2DM patients with or without MACV

The main indexes of sex, age, duration of diabetes, body height, body weight, and BMI in the three groups are listed in Table 1. Except for the course of disease, which was observed as the difference between the NC group and the other groups, there were no statistically significant differences in other baseline indicators among the three groups. Compared with the T2DM group, the MACV group had a higher ISM-1 level (see Figure 1), but no difference was observed between the NC group and the T2DM group (p > 0.05). The MACV group also had a higher level of ISM-1 than the NC group and was statistically significant.

Table 1 | Patient baseline characteristics.


[image: Table comparing characteristics of three groups: NC (20 participants), T2DM (20 participants), and MACV (65 participants). Categories include sex ratio, age, diabetes duration, height, weight, and BMI, with respective values and P values indicating statistical significance.]
[image: Bar graph comparing ISM-1 levels in nanograms per milliliter across three groups: NC, T2DM, and MACV. The MACV group shows significantly higher levels than NC and T2DM, marked by asterisks indicating statistical significance; ns denotes no significant difference between NC and T2DM.]
Figure 1 | Comparison of the levels of serum ISM-1 in different groups. Data are represented as mean ± SEM. ****P < 0.0001; *P<0.05; ns, no signifcance. ISM- 1, isthmin- 1.




3.2 Association of serum ISM-1 levels with lipid metabolism in T2DM patients

Due to disorders of lipid metabolism playing an important role in the pathogenesis of type 2 diabetes mellitus and macrovascular disease, we performed a comparison and correlation between ISM-1 and lipid metabolism indices between groups (Figure 2). The study found that compared with the NC group, the triglyceride and low-density lipoprotein in the T2DM group and MACV group increased significantly, and the high-density lipoprotein decreased significantly. Compared with the T2DM group, the triglyceride in the MACV group increased significantly. Further correlation analysis showed that triglyceride was positively correlated with ISM-1, while high-density lipoprotein was negatively correlated with ISM-1.

[image: Bar graphs and scatter plots showcasing lipid levels and correlations across groups. Panels A to D show triglycerides (TG), total cholesterol (TC), LDL-C, and HDL-C levels for NC, T2DM, and MACV groups with varying significance levels. Panel E and F present scatter plots of ISM-1 correlations with TG and HDL-C with respective rho and p-values. Data points are plotted with regression lines indicating trends.]
Figure 2 | Comparison of the levels of lipid metabolism related indicators in different groups, simple linear regression of serum Ism-1 levels and TG, HDL-C. (A–D) The levels of TG, TC, LDL-C and HDL-C in different groups. (E, F) The simple linear regression of serum Ism-1 levels and TG, HDL-C. Data are represented as mean ± SEM. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05; ns, no signifcance.




3.3 Association of serum ISM-1 levels with glucometabolic and insulin resistance in T2DM patients

To investigate whether serum ISM-1 levels were associated with insulin resistance, we performed group comparisons (Figure 3) and analysis of the correlation between ISM-1 and indicators of glucose metabolism (Figure 4). The study found that fasting blood glucose, glycosylated hemoglobin (HbA1c), HOMA-CR, and TyG were significantly increased in the T2DM group and the MACV group compared with the NC group. Compared with T2DM group, HbA1c, HOMA-IR, and TyG were significantly increased in MACV group. Correlation analysis showed that FBG, HbA1c, HOMA-IR, and TyG were positively correlated with ISM-1, while HOMA-IS was negatively correlated with ISM-1.

[image: Bar graphs labeled A to F compare NC, T2DM, and MACV groups across different health metrics. Each graph shows significant differences, with legends indicating statistical significance: "ns" (not significant), "**", "***", "****". Metrics include FBG, HbA1c, HOMA-IR, HOMA-CR, HOMA-IS, and TyG.]
Figure 3 | Comparison of the levels of glycometabolism related indicators in different groups. (A–F) The levels of FBG, HbA1c, HOMA-IR, HOMA-CR, HOMA-IS and TyG index in different groups. Data are represented as mean ± SEM. ****P < 0.0001; ***P < 0.001; **P < 0.01; ns, no signifcance.

[image: Graphs A to E depict scatter plots showing correlations between ISM-1 levels and various metabolic parameters. A, B, C, and E show positive correlations with FBG, HbA1c, HOMA-IR, and TyG, respectively. Graph D shows a negative correlation with HOMA-IS. Each plot includes a correlation coefficient and p-value indicating statistical significance.]
Figure 4 | Simple linear regression of serum Ism-1 levels and FBG, HbA1c, HOMA-IR, HOMA-IS and TyG (A–E).




3.4 Association of serum ISM-1 levels with vascular function in T2DM patients

We further assessed the relationship between vascular function and ISM-1 levels by intergroup comparison and correlation analysis (Figure 5). The results showed a significant decrease in both systolic (SBP) and diastolic blood pressure (DBP) in the NC and T2DM groups compared to the MACV group. Moreover, both SBP and DBP were positively correlated with ISM-1.

[image: Bar and scatter plots illustrating blood pressure comparisons and correlations. Plot A shows systolic blood pressure (SBP) differences among groups NC, T2DM, and MACV with significance levels marked. Plot B shows diastolic blood pressure (DBP) differences with similar groupings and significance levels. Plot C presents a scatter plot showing a positive correlation between ISM-1 and SBP, with a rho of 0.2934 and p-value of 0.0024. Plot D displays a correlation between ISM-1 and DBP, with a rho of 0.2041 and p-value of 0.0368.]
Figure 5 | Comparison of the levels of vascular function related indicators in different groups, simple linear regression of serum Ism-1 levels and SBP, DBP. (A, B) The levels of SBP and DBP in different groups. (C, D) The simple linear regression of serum Ism-1 levels and SBP, DBP. Data are represented as mean ± SEM. ****P < 0.0001; **P < 0.01; *P < 0.05; ns, no signifcance.





5 Discussion

ISM-1 was first discovered in 2002 by Pera in the Isthmin brain of Xenopus laevis, hence the name Isthmin (8). Subsequently, it was gradually found that it was widely present in brain, lung, eye, ear, and other tissues with dynamic changes and participated in the regulation of growth and development, cell metabolism, tissue reconstruction, immune response and other processes through endocrine mechanisms (3, 9, 10). To our best knowledge, there are no other data concerning ISM-1 concentrations in type 2 diabetes with macrovascular complications. The present study shows that a statistically significant higher level of ISM-1 was found in T2DM with MACV compared with T2DM. Also, a positive correlation was found between ISM-1 and SBP, DBP, TG, FBG, HbA1c, HOMA-IR, as well as TyG index in both MACV, T2DM, and normal control subjects.

It has been found that frequent blood glucose fluctuations lead to increased oxidative stress, which damages the vascular endothelium and promotes the development of atherosclerosis, while it may also affect vasodilatation, leading to an increased risk of cardiovascular events (11). This is corroborated by the fact that HbA1c levels and HOMA-IR showed significant differences between all groups in this study. It is worth noting recently that ISM-1 has been found to be closely related to the occurrence and development of microvascular complications. Previous studies have shown that serum levels of ISM-1 in DKD patients are significantly higher than those in T2DM patients without DKD (12). In T2DM patients with DR, ISM-1 also influences retinal blood vessels to participate in the occurrence and development of DR by mediating the increase of endothelial permeability (4). Consistent with these results, our study revealed that circulating ISM-1 levels were higher in MACV patients compared to the T2DM group, suggesting that ISM-1 is closely related to MACV and may be an independent risk factor for MACV. However, there was no significant difference in the level of ISM-1 between the NC group and the T2DM group. This may also be due to the fact that ISM-1 expression was positively correlated with BMI but not with glucose levels (13). The upregulation of ISM-1 in overweight T2DM patients may be more obvious, but there was no significant statistical significance in the BMI of members between groups in this study. Furthermore, FBG, HbA1c, HOMA-IR and TyG were also positively correlated with ISM-1, while HOMA-IS was negatively correlated with ISM-1. These data seem to indicate that the upregulation of ISM-1 may be a consequence of elevated glucose. Recent studies demonstrate that ISM-1 can activate the PI3K-AKT signal transduction pathway to promote glucose uptake independent of insulin and insulin-like growth factor receptor (14). Besides, it has also been reported that ISM-1 indirectly promotes pancreatic β cell dysfunction through NODAL (a member of the transforming growth factor superfamily), thereby accelerating the transition from pre-diabetes to type 2 diabetes (15). These results suggested that the higher level of ISM-1 observed in MACV patients may represent an adaptation to the increase of insulin resistance associated with MACV in T2DM because the levels for HOMA-IR changed significantly between the T2DM group and the MACV group in this study.

The TyG index is a comprehensive index that assesses the volume, density and distribution of fat in patients with T2DM, reflecting levels of both glucose metabolism and lipid metabolism (16). Distinguishing the TyG index from other insulin resistance indices, it was significantly different between the groups, suggesting that lipid metabolism may play an important role in the pathogenesis of MACV in patients with type 2 diabetes mellitus. As an adipokine, ISM-1 has been shown to play an important role in the regulation of lipid metabolism. ISM-1 is able to counteract lipid accumulation in the liver by converting liver cells from a lipid-producing state to a protein synthesis state. In addition, therapeutic doses of recombinant ISM-1 were able to improve liver steatosis in diet-induced fatty liver mouse models (3). ISM-1 can also inhibit insulin-regulated lipid synthesis, promote protein synthesis, and affect human lipid metabolism and protein metabolism in the non-insulin pathway (17). In this study, we also found that the TG was positively correlated with ISM-1, while HDL-C was negatively correlated with ISM-1. This may be related to the effect of ISM-1 on glucose uptake by adipocytes, which in turn may regulate lipid metabolism by affecting intracellular energy metabolism and lipid synthesis pathways. HDL-C plays an important role in cholesterol transport and metabolism and can play a protective role in the occurrence and development of MACV by reducing the deposition of LDL-C in the blood vessel wall, alleviating oxidative stress and inflammation in the blood vessel wall (18). Besides, a number of studies have shown that the TyG index performs well in evaluating and predicting the risk of MACV in T2DM patients, and the mechanism may involve pathophysiological processes such as inflammation and oxidative stress (19, 20). Combined with the results of our study, ISM-1 has the potential to influence the pathogenesis of diabetic macrovascular disease by affecting HDL and lipid metabolic processes. Moreover, both SBP and DBP levels increased significantly in the MACV group but not in the T2DM group compared with the NC group. The levels of SBP and DBP, as the most basic and direct indicators of vascular compliance and elasticity, are strongly correlated with vascular compliance and elasticity (21). Correlation analysis in this study revealed that ISM-1 was positively correlated with SPB and DBP. This further confirms that ISM-1 may be one of the indirect indicators for the assessment of vascular function in patients with type 2 diabetes mellitus.

In summary, we found that serum ISM-1 level is correlated with MACV in type 2 diabetes patients for the first time, and there is a significant correlation with HOMA-IR, HDL-C, TG, TyG index, and other indicators. ISM-1 may participate in the occurrence and development of MACV mainly by affecting glucose and lipid metabolism, but the specific causal relationship and specific mechanism between the two remain to be further studied. Besides, as a cross-sectional study, it is unclear whether serum levels of ISM-1 change with the exacerbation of MACV. Finally, due to the limited sample size, the relationship between different types of MACV and the level of ISM-1 needs to be further studied after expanding the sample size.
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Vasoactive agents, traditionally recognized for their roles in cardiovascular regulation, have garnered increasing attention for their non-cardiovascular effects across various physiological systems. This review explores the multifaceted roles of vasoactive agents such as catecholamines, vasopressin, and angiotensin II beyond their cardiovascular implications. We examine the mechanisms of action, focusing on receptor interactions and the implications for various physiological systems. Key areas of impact include the central nervous system, where vasoactive agents influence mood, cognition, and neurological function, alongside potential neurotoxicity. Additionally, we discuss gastrointestinal effects, including motility and secretion, as well as renal implications related to blood flow and acute kidney injury risk. The endocrine effects are also addressed, particularly regarding insulin and glucagon secretion. Furthermore, we analyze hematological effects on coagulation and endothelial function, emphasizing the risk factors for thromboembolic events. The clinical implications of this review underscore the importance of monitoring non-cardiovascular effects in patient management and developing strategies to mitigate associated risks. Future research should focus on unraveling the detailed mechanisms of vasoactive agent-receptor interactions and their resulting organ responses, to minimize complications arising from clinical use.
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1 INTRODUCTION
Vasoactive drugs, including vasopressors and inotropes, are critical components in the management of various acute medical conditions, particularly those involving cardiovascular instability (Overgaard and Dzavík, 2008; Annane et al., 2018). These agents function primarily to enhance cardiac output (CO) or increase vascular tone, thereby improving tissue perfusion and oxygen delivery (Boerma and Ince, 2010). Commonly used vasoactive drugs include catecholamines like norepinephrine (NE) and epinephrine (EPI), as well as non-catecholamine agents such as vasopressin and phosphodiesterase (PDE) inhibitors.
Catecholamines, such as NE and EPI, primarily function by inducing vasoconstriction through α-adrenergic receptor activation, which increases systemic vascular resistance (SVR) and mean arterial pressure (MAP). NE is particularly effective in raising blood pressure while maintaining CO due to its mixed α1 and β1 activity (Hernández et al., 2019). Conversely, EPI exhibits a broader spectrum of action, affecting both α and β receptors to enhance heart rate and cardiac contractility while also promoting vasodilation at lower doses through β2 receptor activation (Johnson and Moskowitz, 2024). This dual action allows for nuanced management of hemodynamic status in critically ill patients. Inotropes like dobutamine and milrinone focus on enhancing cardiac contractility. Dobutamine predominantly stimulates β1 receptors, leading to increased CO with minimal impact on SVR (Franco et al., 2021). Milrinone, a PDE inhibitor, increases intracellular cyclic adenosine monophosphate (cAMP) levels, resulting in improved myocardial contractility and peripheral vasodilation (Gist et al., 2021). These agents are particularly valuable in patients with heart failure or low CO states.
The complexity of vasoactive agents arises from their multifaceted mechanisms of action (Figure 1). They interact with various receptors, including adrenergic, dopaminergic, and vasopressin receptors, leading to diverse physiological responses (Shankar et al., 2022). For instance, while NE predominantly increases SVR and blood pressure through α1 receptor activation, it may also induce significant renal vasoconstriction, potentially compromising renal function. Vasopressin not only raises blood pressure but also influences renal function by promoting water reabsorption and can affect coagulation pathways through its action on V receptors (Demiselle et al., 2020). Similarly, dopamine exhibits dose-dependent effects that can lead to both renal vasodilation at low doses and vasoconstriction at higher doses, illustrating the delicate balance between therapeutic benefits and risks (Armando et al., 2011).
[image: Diagram illustrating the effects of vasoactive agents on various body systems. Central box labeled "Vasoactive agents" connects to images representing CNS function, bronchodilation, gastrointestinal function, renal function, lipid metabolism, hematological effects, and endocrine pancreatic function. Arrows indicate interactions, labeled with α, β, V, and D receptors.]FIGURE 1 | Overview of the effects of commonly used vasoactive agents on non-cardiovascular systems.The importance of exploring the non-cardiovascular effects of vasoactive agents lies in their potential implications for patient management. Adverse effects such as digital ischemia from excessive vasoconstriction or altered microcirculation can impact organ perfusion and function (Woolsey and Coopersmith, 2006). Moreover, the interplay between vasoactive agents and other medications can further complicate clinical scenarios, necessitating a comprehensive understanding of these interactions (Gordon et al., 2014).
Thus, a thorough investigation into the non-cardiovascular effects of vasoactive agents is crucial for healthcare professionals involved in critical care settings. This review aims to elucidate these effects, providing insights that will enhance our understanding of how these medications can be used safely and effectively across various clinical contexts.
2 MECHANISMS OF ACTION
2.1 Overview of vasoactive drug classes
Catecholamines, including NE, EPI, and dopamine, are pivotal in the management of various clinical conditions, particularly in acute settings such as shock and heart failure (Table 1). These agents exert their effects primarily through adrenergic receptors, which are G protein-coupled receptors that mediate a range of physiological responses (Xu et al., 2023). The mechanisms by which catecholamines exert their effects involve complex signaling pathways. Upon binding to their respective receptors, catecholamines activate adenylate cyclase via G proteins, increasing cAMP levels within the cell (Motiejunaite et al., 2021). This cascade leads to enhanced calcium influx through voltage-gated calcium channels and increased intracellular calcium concentrations, which are crucial for muscle contraction in cardiac and vascular tissues (Motiejunaite et al., 2021; Riccardi et al., 2024).
TABLE 1 | Overview of vasoactive agents in clinical use.	Agent	Mechanism of action	Physiological effects	Clinical use	Cooperation
	EPI	α1/β1/β2 agonist	↑HR, ↑CO, ↑BP, ↑SVR	Cardiac arrest, anaphylaxis	EPI potentiates NE in shock states. Cooperates with dobutamine to increase CO.
	NE	α1 agonist (predominantly)	↑BP, ↑SVR	Septic shock	Cooperates with dopamine to increase renal perfusion at lower doses. Potentiates the effects of EPI in shock
	Dopamine	Dose-dependent (Dopaminergic/α/β agonist)	↑HR, ↑CO, ↑BP, ↑SVR (high doses), renal vasodilation (low dose)	Heart failure, shock	Cooperates with NE to improve CO. EPI potentiates the effects in shock
	Dobutamine	β1 agonist	↑CO, ↓SVR, ↑HR	Heart failure	Cooperates with vasopressors to improve CO
	Phenylephrine	Pure α1 agonist	↑BP, ↑SVR, ↓HR, ↓CO	Hypotension	Cooperates with NE to raise SVR without affecting heart rate. Helps in reducing the need for catecholamines in cases of low vascular tone
	Vasopressin	V1 receptor agonist	↑BP, ↑SVR	Vasodilatory shock	Cooperates with NE to improve MAP in shock, especially in septic shock
	Milrinone	PDE inhibitor	↑CO, ↓BP, ↓SVR	Heart failure	Cooperates with vasopressors (like EPI) to improve CO
	Angiotensin II	Angiotensin receptor agonist	↑BP, ↑SVR	Vasodilatory shock	Cooperates with NE and vasopressin in shock states to improve blood pressure and organ perfusion. AT1 and AT2 mediate opposing effects


PDE, phosphodiesterase; HR, heart rate; CO, cardiac output; SVR, systemic vascular resistance; NE, norepinephrine; EPI, epinephrine; BP, blood pressure.
NE is commonly used as a first-line vasopressor in septic shock (Evans et al., 2021), cardiogenic shock (Hu and Mathew, 2022) and acute hypotensive states. It primarily acts on α1 adrenergic receptors, leading to vasoconstriction and increased SVR, which enhances blood pressure (Motiejunaite et al., 2021; Perez, 2021). Additionally, NE stimulates β1 adrenergic receptors in the heart, resulting in increased myocardial contractility and heart rate (Motiejunaite et al., 2021). However, its effects on β2 adrenergic receptors are minimal, making it less effective for inducing vasodilation compared to other catecholamines like EPI. EPI exhibits dose-dependent effects mediated through its interaction with adrenergic receptors. It strongly activates β1 adrenergic receptors and moderately stimulates β2 and α1 adrenergic receptors (Evans et al., 2021). At lower doses, β1 receptor effects predominate, leading to heightened CO and reduced SVR, while MAP may fluctuate. In contrast, higher doses enhance α1 and β2 receptor activity, resulting in elevated SVR and further increases in CO (Evans et al., 2021). Adverse effects, such as cardiac arrhythmias and compromised splanchnic blood flow, are potential risks. Additionally, EPI stimulates β2 receptors in skeletal muscle, boosting aerobic lactate production (Evans et al., 2021). This effect complicates the interpretation of serum lactate levels as a marker for guiding resuscitation efforts. Dopamine also exerts dose-dependent effects by targeting dopamine-1 (D1), α1, and β1 adrenergic receptors. s (Elkayam et al., 2008; Armando et al., 2011). At lower doses, dopamine primarily activates D1 receptors, promoting vasodilation in vascular beds such as the renal circulations, though confer no significant protection from renal dysfunction. As doses escalate, α-adrenergic effects become dominant, inducing vasoconstriction and elevated SVR. Concurrent β1 adrenergic receptor stimulation at higher doses enhances cardiac activity but also raises the risk of dose-limiting arrhythmias. This dose-dependent nature allows for tailored therapeutic approaches depending on the clinical scenario (Dorn, 2010; Huang et al., 2016).
While catecholamines are vital in acute care settings for managing cardiovascular instability, their non-specific actions can lead to significant side effects. For instance, prolonged use of NE can cause peripheral ischemia due to excessive vasoconstriction (Daroca-Pérez and Carrascosa, 2017). Similarly, EPI’s broad effects can result in metabolic disturbances and increased myocardial oxygen consumption (Ducrocq et al., 2012). Therefore, careful titration and monitoring are essential when using these agents to balance therapeutic benefits with potential risks.
Non-catecholamine vasoactive agents, particularly vasopressin and PDE inhibitors, play crucial roles in the management of various clinical conditions, especially in the context of shock and heart failure. Vasopressin, also known as antidiuretic hormone, is synthesized in the hypothalamus and released from the posterior pituitary gland in response to increased plasma osmolality or decreased blood volume (Holmes et al., 2004). It primarily acts through three receptor subtypes: V1a, V1b, and V2 receptors. Activation of V1a receptors leads to vasoconstriction, thereby increasing SVR and blood pressure. This effect is particularly beneficial in states of hypotension, such as septic shock. Vasopressin can increase MAP without significantly affecting CO, making it a valuable adjunctive therapy in critically ill patients. However, its non-selective receptor activation can lead to side effects such as hyponatremia and potential procoagulant effects due to increased platelet aggregation (Demiselle et al., 2020).
PDE inhibitors are another class of non-catecholamine vasoactive agents that enhance CO and improve hemodynamics through different mechanisms. PDE inhibitors work by preventing the breakdown of cAMP and cyclic guanosine monophosphate (cGMP), which are critical second messengers involved in various physiological processes including heart contractions, smooth muscle relaxation in blood vessels and neuronal signaling (Newton et al., 2016). By increasing cAMP levels, these agents enhance myocardial contractility (positive inotropic effect) and promote vasodilation. Milrinone is particularly known for its ability to improve cardiac function in patients with heart failure by increasing contractility while also causing peripheral vasodilation (Mathew et al., 2021). The use of PDE inhibitors can be beneficial in patients with acute decompensated heart failure or cardiogenic shock. They can improve CO and reduce pulmonary congestion without significantly increasing heart rate or myocardial oxygen demand (Chi et al., 2013; Rieg et al., 2014). However, caution is warranted due to potential side effects such as hypotension and arrhythmias (Chong et al., 2018).
2.2 Receptor interactions
Adrenergic receptors, classified into α and β subtypes, are pivotal in mediating the physiological responses to catecholamines. These G protein-coupled receptors play critical roles in the sympathetic nervous system, orchestrating various bodily functions in response to stressors.
2.2.1 α adrenergic receptors
There are two main types of α receptors: α1 and α2. α1 receptors are predominantly located on vascular smooth muscle. Activation of α1 receptors in the cardiovascular system by NE and EPI leads to vasoconstriction, increasing SVR and blood pressure. This mechanism is particularly important during the “fight or flight” response, where increased blood flow to essential organs including heart, brain, and skeletal muscles is necessary for survival (Borkar and Fadok, 2024). However, activation of α1 receptor in the bladder and gastrointestinal (GI) tract causes contraction of smooth muscles, inhibiting non-essential functions during stress (Michel and Vrydag, 2006). In contrast, α2 receptors primarily function as inhibitory autoreceptors located on presynaptic nerve terminals (Zhang et al., 2009). When activated, they decrease the release of NE, providing a negative feedback mechanism that modulates sympathetic activity. This action can lead to a reduction in blood pressure and heart rate when drugs like clonidine or dexmedetomidine are used, which selectively activate central α2 receptors to treat hypertension and manage anxiety (Pichot et al., 2012). Moreover, α2 receptor activation in the central nervous system (CNS) can produce sedation and analgesia, contributing to their role in pain modulation (Giovannitti et al., 2015).
2.2.2 β adrenergic receptors
β adrenergic receptors are further subdivided into three types: β1, β2, and β3. β1 receptors are primarily found in the heart, mediating increases in heart rate (chronotropy) and myocardial contractility (inotropy) upon stimulation by catecholamines. This response enhances CO during stressful situations. Furthermore, β1 receptor activation in the kidneys stimulates renin release, leading to increased blood volume and pressure through the renin-angiotensin-aldosterone system (Sandilands and O'Shaughnessy, 2019). β2 receptors are predominantly located in smooth muscle tissues, including bronchioles and blood vessels. Activation of β2 receptors results in relaxation of smooth muscles, leading to bronchodilation and vasodilation (Kotlikoff and Kamm, 1996). This effect is crucial for improving airflow during respiratory distress and enhancing blood flow to skeletal muscles during physical exertion. Importantly, β2 receptor activation can counteract some of the vasoconstrictive effects mediated by α1 receptors in certain vascular beds (Wachter and Gilbert, 2012). While less commonly discussed, β3 receptors are involved in lipolysis in adipose tissue and may play a role in regulating energy metabolism (Cero et al., 2021). Their activation can lead to increased energy expenditure and thermogenesis.
The interplay between α and β adrenergic receptors allows for a finely tuned physiological response to stressors. During a fight-or-flight situation, α1-mediated vasoconstriction ensures that vital organs receive adequate blood flow while β2-mediated vasodilation enhances oxygen delivery to skeletal muscles. This balance is essential for optimizing performance under stress. Moreover, the distribution of these receptors varies across different tissues, allowing for localized responses tailored to specific physiological needs. While both α1 and β2 receptors may be present in a given tissue (e.g., blood vessels), their differential activation can result in opposing effects—vasoconstriction versus vasodilation—depending on the prevailing hormonal environment (Ahlquist, 1976; Richards et al., 2017).
2.2.3 V receptors
Vasopressin acts primarily through three receptor subtypes: V1a, V1b, and V2 receptors. Activation of V1a receptors leads to vasoconstriction and also influences various non-cardiovascular functions, including enhancing platelet aggregation and promoting renal vasoconstriction (Honda and Takano, 2009). V2 receptors mediate the antidiuretic effects of vasopressin by promoting water reabsorption (Carty et al., 2024). This action is crucial for maintaining fluid balance and osmotic homeostasis. Additionally, V2 receptor activation may have implications for fluid retention in states of hypovolemia or dehydration (Lemmens-Gruber and Kamyar, 2006). V1b receptors are involved in stimulating adrenocorticotropic hormone (ACTH) release, which plays a role in stress responses. The activation of these receptors can influence cortisol secretion, thereby affecting metabolic processes and immune responses (Meijer et al., 2011).
2.2.4 AT receptors
Angiotensin II (Ang II) is a potent vasoconstrictor primarily acting through two main receptor subtypes: AT1 and AT2 receptors. AT1 receptors mediate most of the well-known effects of Ang II, including vasoconstriction, increased blood pressure, and stimulation of aldosterone secretion from the adrenal cortex. The activation of AT1 receptors not only regulates blood pressure but also mediates non-cardiovascular effects such as promoting inflammation, fibrosis, and cellular hypertrophy in various tissues (Ruiz-Ortega et al., 2006). This pro-inflammatory action can contribute to the pathogenesis of conditions like hypertension and heart failure (Carter et al., 2024). In contrast to AT1 receptors, AT2 receptors generally mediate opposing effects, including vasodilation and inhibition of cell growth. They are involved in tissue repair processes and may exert protective effects against hypertrophy and fibrosis (Namsolleck et al., 2014). The balance between AT1 and AT2 receptor activation is crucial for maintaining cardiovascular homeostasis and influencing non-cardiovascular outcomes.
3 NON-CARDIOVASCULAR EFFECTS
3.1 Effects on the CNS
3.1.1 Effects on mood and cognition
Catecholamines are well-known for their role in the “fight or flight” response, where they prepare the body for stressful situations. NE, in particular, has been implicated in mood regulation and cognitive functions. It is a key neurotransmitter in the brain’s arousal system and is associated with attention, learning, and memory (Maletic et al., 2017). Dysregulation of NE levels has been linked to mood disorders such as depression and anxiety. For example, increased NE activity is often observed in states of heightened stress or anxiety, while decreased levels can contribute to depressive symptoms (Craske and Stein, 2016; Heller et al., 2019). Dopamine is also a key neurotransmitter in CNS function, regulating processes including reward, movement, and cognition (Channer et al., 2023).
Vasopressin also influences mood and social behaviors. Research indicates that vasopressin can affect social recognition and bonding, particularly in species like voles, where it plays a role in pair bonding behaviors in a sex-specific manner, with effects typically being stronger in males than in females (Rigney et al., 2023). In humans, vasopressin’s effects on mood may be less pronounced but still significant; its release can be influenced by social interactions and stress levels (Hu et al., 2024). Additionally, vasopressin has been associated with analgesic effects that may indirectly affect mood by modulating pain perception, and these effects have been shown to be more significant in women (Colloca et al., 2016).
3.1.2 Neurological function
The impact of vasoactive agents extends to neurological function as well. NE is involved in modulating alertness and attention through its action on adrenergic receptors in various brain regions. This modulation can enhance cognitive performance under certain conditions but may also lead to neurotoxicity if levels become excessively high or prolonged (Troadec et al., 2001; Álvarez-Diduk and Galano, 2015).
Vasopressin’s role in the CNS includes modulating circadian rhythms and influencing stress responses. The release of vasopressin in the brain can enhance the body’s ability to cope with stressors by promoting adaptive behaviors. Furthermore, the interaction of vasopressin with its receptors in the brain suggests potential neuroprotective effects by reducing neuronal excitability and promoting resistance against stress-induced damage (Corbani et al., 2018).
3.1.3 Potential neurotoxicity
While vasoactive agents have beneficial effects on mood and cognition, there is also potential for neurotoxicity. High levels of catecholamines can lead to neuronal damage due to oxidative stress and excitotoxicity. For instance, excessive catecholamine release during chronic stress can lead to neurotoxic effects on neurons due to oxidative stress and excitotoxicity (Álvarez-Diduk and Galano, 2015). Chronic exposure to elevated NE levels has been associated with neuronal apoptosis and impaired neurogenesis (Jhaveri et al., 2010; Flint et al., 2013). Similarly, excessive vasopressin release can result in adverse effects on neuronal function, particularly when it leads to increased blood pressure and vascular resistance that may compromise cerebral perfusion (Sharshar and Annane, 2008).
Additionally, while vasopressin can enhance social bonding and reduce anxiety under normal conditions, its dysregulation may contribute to maladaptive behaviors or exacerbate anxiety disorders (Hu et al., 2024).
3.2 GI effects
3.2.1 Effects on GI motility
Vasoactive agents can alter GI motility through their actions on smooth muscle and neuronal pathways. For instance, catecholamines like NE and EPI primarily act on α and β adrenergic receptors, leading to varied effects on motility. Activation of α1-adrenergic receptors generally promotes smooth muscle contraction, resulting in decreased motility in the GI tract. Conversely, β2-adrenergic receptor activation can lead to relaxation of smooth muscle and increased motility in certain contexts, such as during physical stress when blood flow is redirected to essential organs (Tank and Lee Wong, 2015; Mittal et al., 2017).
3.2.2 Implications for GI blood supply
Vasopressin can activate V1 receptors within the hepato-splanchnic vascular bed, triggering potent vasoconstriction that reduces blood flow in patients with portal hypertension. There was evidence that low to moderate doses of vasopressin resulted in significant reductions in portal blood flow (by 26%–37%) while having no impact on portal or hepatic venous pressures (Bown et al., 2016). Therefore, when treating septic shock, despite achieving hemodynamic stability with vasopressin, there was a notable decrease in mesenteric and portal vein blood flow, which could compromise gut health and function. Whether this reduction in blood flow can lead to ischemia of the GI mucosa, impairing its ability to secrete digestive enzymes and even absorb nutrients, remained unclear (Martikainen et al., 2003).
3.2.3 GI ischemia and bleeding
Strong vasoconstriction caused by NE, phenylephrine, angiotensin II and vasopressin could lead to decreased splanchnic blood flow, resulting in non-occlusive acute mesenteric ischemia. A case series highlighted the potential for high doses of NE to contribute to splanchnic vasoconstriction, leading to non-occlusive mesenteric ischemia in patients with severe acute pancreatitis (Reichling et al., 2020). Similarly, vasopressin, which acts on V1 a receptors to induce vasoconstriction, can also affect splanchnic hemodynamics. In a porcine model of septic shock, a low-dose vasopressin of 0.006 U/kg/h caused a decrease in mesenteric blood flow, resulting in elevated lactate levels and signs of intestinal ischemia (Hiltebrand et al., 2007). Furthermore, the risk of GI bleeding is heightened in patients with increased catecholamine levels due to potential mucosal ischemia and impaired healing responses (Krag et al., 2013). The balance between maintaining adequate perfusion pressure while avoiding excessive vasoconstriction is critical in preventing these complications.
3.3 Renal effects
Vasoactive agents, including catecholamines and non-catecholamines, play a significant role in regulating renal blood flow (RBF) and function. Their effects can have profound implications for kidney health, particularly in critically ill patients where the risk of acute kidney injury (AKI) and renal ischemia is heightened.
3.3.1 Effects on RBF
Vasoactive agents influence RBF primarily through their actions on specific receptors located in the renal vasculature. Vasopressin acts predominantly through V1a receptors, which are distributed heterogeneously in the renal circulation. At low doses, vasopressin induces vasoconstriction mainly in the efferent arterioles of the glomeruli, which can theoretically increase glomerular perfusion pressure and enhance glomerular filtration rate (GFR). This mechanism is beneficial in states of hypotension or shock, where maintaining renal perfusion is critical. A study comparing the effects of vasopressin and NE in ovine models of septic AKI demonstrated that NE transiently improved renal function but worsened renal medullary ischemia and hypoxia. In contrast, vasopressin provided a sustained improvement in creatinine clearance without significantly affecting renal medullary perfusion or oxygenation (Okazaki et al., 2020). This suggests that vasopressin may be more beneficial in preserving renal function during septic conditions. Post-hoc analyses from the Vasopressin and Septic Shock Trial (VASST) revealed that patients classified as being at risk for kidney injury had lower rates of progression to more severe forms of AKI when treated with vasopressin compared to NE (Gordon et al., 2010; Lucchese, 2010). Specifically, among patients in the “Risk” category according to RIFLE criteria, those receiving vasopressin showed a significantly reduced need for renal replacement therapy and lower mortality rates (Gordon et al., 2010).
3.3.2 Role of dopamine
Dopamine is known to exert a dose-dependent effect on RBF. At low doses (1–5 μg/kg/min), dopamine primarily stimulates D1-like receptors, leading to renal vasodilation and increased RBF. This effect is attributed to the dilation of afferent arterioles, which enhances GFR and promotes natriuresis (Elkayam et al., 2008; Olivares-Hernández et al., 2021). Low-dose dopamine infusion has been shown to increase mean RBF by approximately 20% in animal models without affecting systemic hemodynamics (Di Giantomasso et al., 2004).
However, the benefits of low-dose dopamine in clinical practice have been challenged. Research indicates that while it may increase RBF in healthy individuals, its efficacy diminishes in patients with AKI or those at risk for renal failure. Studies found that low-dose dopamine worsened renal perfusion in patients with acute renal failure, increasing renal vascular resistance rather than decreasing it (Kellum and Decker, 2001; Lauschke et al., 2006). Therefore, the routine use of low-dose or “renal dose” dopamine for the treatment or prevention of acute renal failure cannot be justified since it has no benefit in either preventing or ameliorating AKI in critically ill patients (Friedrich et al., 2005; Karthik and Lisbon, 2006; Joannidis et al., 2017).
3.3.3 Risk factors for AKI
The use of vasoactive agents carries inherent risks for developing AKI or exacerbating existing renal dysfunction. Key factors include: (1) Vasoconstriction: Renal vasoconstriction induced by vasoactive agents is a well-known phenomenon that may contribute to AKI (Redfors et al., 2011). When vasoactive agents are used to restore systemic blood pressure during shock, they can inadvertently cause renal vasoconstriction, leading to a reduction in RBF, a decline in the GFR, and ultimately, AKI. (2) Hemodynamic Instability: In critically ill patients, fluctuations in blood pressure due to the use of vasoactive agents can contribute to periods of inadequate renal perfusion. Sustained hypotension or rapid changes in vascular resistance can compromise kidney function (Busse and Ostermann, 2019). (3) Underlying Conditions: Patients with conditions such as heart failure, cirrhosis, or sepsis are at higher risk for AKI when treated with vasoactive agents. These conditions often involve complex hemodynamic changes that can exacerbate the effects of these drugs on renal circulation (Ronco et al., 2019). (4) Duration and Dosage: The dosage of vasoactive agents and duration of treatment are critical factors influencing the risk of AKI (Martin et al., 2015). High doses or prolonged use may lead to cumulative adverse effects on kidney function. Current guidelines recommend NE as the first-line agent, but in cases of high NE requirements, the addition of nonadrenergic vasopressors is advised (Venkatesh et al., 2019). This miscellaneous therapies for catecholamine sparing, while physiologically plausible, require careful consideration of patient-specific characteristics to avoid potential adverse effects on renal function.
3.4 Endocrine effects
3.4.1 Effects on insulin and glucagon secretion
Vasoactive agents can modulate the secretion of key hormones involved in glucose metabolism, notably insulin and glucagon. Activation of α2-adrenergic receptors in pancreatic β-cells inhibits insulin secretion, which can lead to increased blood glucose levels during stress responses. This is possibly caused by decreasing calcium influx through voltage-dependent calcium channels (Hsu et al., 1991). Conversely, β-adrenergic receptor stimulation enhances insulin secretion during exercise or stress response to facilitate glucose uptake and utilization by muscles, although this effect can be overshadowed by the inhibitory actions of α2 receptors during acute stress (Singh et al., 2018).
Recent studies have highlighted dopamine’s role in regulating pancreatic hormone release (Aslanoglou et al., 2021; Bonifazi et al., 2024). Dopamine acts on both α- and β-cell adrenergic receptors, influencing the secretion of glucagon and insulin (Bonifazi et al., 2024). Notably, dopamine functions as a biased agonist at α2A-adrenergic receptors, preferentially signaling through G protein-mediated pathways to inhibit insulin release (Aslanoglou et al., 2021). This dual action highlights the complexity of hormonal regulation in response to vasoactive agents.
In experiments on mouse islets, it has been shown that vasopressin can significantly amplify glucose-induced insulin release (Szczepanska-Sadowska et al., 2024). Vasopressin also potentiates the stimulatory effects of glucose and ACTH on insulin secretion (Szczepanska-Sadowska et al., 2024). It enhances the release of insulin by glucose in the pancreas via potentiation of paracrine production of glucagon. Glucagon subsequently activates GLP-1 receptors, which play an important role in promoting insulin release (Szczepanska-Sadowska et al., 2024). In addition, stimulation of V1b receptor is essential for the appropriate regulation of the hypothalamic-pituitary-adrenal (HPA) axis during inflammatory stress. Mice deprived of V1b receptor show significantly lower increases in ACTH and corticosterone during acute immune stress, which in turn may affect insulin release (Szczepanska-Sadowska et al., 2024). This indicates that vasopressin, through its regulation of the HPA axis, has also an indirect impact on insulin release.
3.4.2 Implications for metabolic processes
The impact of vasoactive agents extends beyond immediate hormone secretion to broader metabolic processes. Catecholamines stimulate glycogenolysis in the liver through β-adrenergic receptor activation, leading to increased glucose availability during stress (Wang et al., 2024). The role of catecholamines in hepatic glycogenolysis is further mediated by their interaction with the cAMP-protein kinase A (PKA) signaling pathway. Upon activation of β-adrenergic receptors, there is an increase in cAMP levels, which subsequently activates PKA. PKA then phosphorylates glycogen phosphorylase, the enzyme responsible for breaking down glycogen into glucose-1-phosphate, which is eventually converted to glucose (Xu et al., 2014). This pathway highlights the importance of catecholamines in regulating glucose metabolism and ensuring an adequate supply of glucose during stress.
Vasoactive agents also play a significant role in the mobilization of free fatty acids (FFAs) from adipose tissue, which is crucial during periods of stress or fasting when the body requires alternative energy sources. The mechanism through which catecholamines enhance FFA release involves the activation of β-adrenergic receptors, which leads to the phosphorylation of specific proteins that promote lipolysis (Reilly et al., 2020). This process results in the breakdown of triglycerides stored in adipocytes into FFAs and glycerol, which are then released into the bloodstream to be used as energy substrates by various tissues, including the heart and skeletal muscle (Reilly et al., 2020). In addition to their role in FFA mobilization, catecholamines also influence the metabolic fate of these fatty acids. For instance, catecholamines can suppress the re-esterification of FFAs back into triglycerides within adipocytes, thereby favoring their oxidation. This is achieved through the activation of signal transducer and activator of transcription 3 (STAT3), which is phosphorylated upon catecholamine stimulation, promoting FFA oxidation over storage (Reilly et al., 2020).
Research has demonstrated that vasopressin receptor-deficient mice exhibit altered lipid metabolism, characterized by changes in lipid accumulation and metabolism in tissues such as brown adipose tissue and skeletal muscle (Harada et al., 2025). These findings suggest that vasopressin’s regulatory effects on lipid metabolism are mediated through its action on V receptors, highlighting its extensive role in metabolic homeostasis. Further exploration into the molecular interaction between vasopressin and insulin revealed that vasopressin can modulate metabolic processes by influencing insulin secretion and action (Szczepanska-Sadowska et al., 2024). Vasopressin stimulates glycogenolysis and fatty acid synthesis in the liver, while also promoting insulin release from pancreatic cells (Szczepanska-Sadowska et al., 2024). This interaction suggests that vasopressin may play a role in coordinating energy balance and lipid metabolism, potentially impacting conditions such as obesity and diabetes.
3.5 Hematological effects on coagulation and platelet function
Vasoactive agents, including catecholamines and non-catecholamines like vasopressin, significantly influence coagulation and platelet function. Their effects can have crucial implications for thromboembolic events, particularly in critically ill patients where the balance between hemostasis and thrombosis is critical (Achaibar and Waldmann, 2015; Neuenfeldt et al., 2021).
Evidence showed that catecholamines enhance ex vivo platelet aggregation in healthy donor blood, indicating that they play a role in promoting hemostasis under certain conditions (Matthay et al., 2022). In trauma patients, elevated levels of catecholamines were associated with impaired platelet aggregation and decreased clot strength, suggesting that excessive catecholamine exposure may contribute to a dysfunctional platelet phenotype (Matthay et al., 2022). Catecholamines contribute to platelet aggregation through the stimulation of α2A and β2 adrenergic receptors. This interaction is particularly relevant in the context of acute coronary syndrome (ACS), where catecholamines released during the event can influence platelet reactivity and the efficacy of antiplatelet therapies such as aspirin and clopidogrel (Cuisset et al., 2010). EPI is a special physiological platelet activator that induces platelet aggregation without an initial change in platelet shape. This process involves the production of thromboxane A2, which further enhances platelet aggregation and shape change during the second wave of EPI-induced aggregation (Blockmans et al., 1996). Platelets can accumulate significant amounts of catecholamines, which can affect their activation state and contribute to the overall sympathetic nervous system activity (Zweifler et al., 1990). Moreover, the uptake and retention of catecholamines by platelets are influenced by the concentration and duration of exposure to these hormones. Catecholamines also stimulate the release of coagulation factors such as factor VIII (FVIII) and von Willebrand factor (vWF) from endothelial cells (Han et al., 2017). Thus, EPI was once used to treat von Willebrand’s disease, the most common inherited bleeding disorder worldwide (Rickles et al., 1976). This action contributes to a hypercoagulable state, particularly during acute stress responses when catecholamine levels are elevated. The release of these factors enhances clot formation but can also increase the risk of thrombosis if not properly regulated.
Vasopressin has been shown to have direct procoagulant effects through its action on V1a receptors located on vascular smooth muscle and platelets (Hasan et al., 2006). Activation of these receptors leads to increased platelet aggregation and the release of vWF, enhancing the ability of platelets to adhere to the damaged endothelium (Casonato et al., 2015). In addition, extra-renal V2 receptors activation induces the release of coagulation factors (Demiselle et al., 2020). Desmopressin, a synthetic analogue of vasopressin, has been widely recognized for its efficacy as a hemostatic agent in the management of inherited bleeding disorders (Mohinani et al., 2023). This compound is particularly effective in conditions such as mild hemophilia A and von Willebrand disease, where it functions by increasing the levels of coagulation FVIII and vWF in the circulation (Mohinani et al., 2023). The mechanism of action involves the stimulation of extrarenal V2-receptors, which leads to the release of these factors from endothelial cells, thereby enhancing hemostasis (Mohinani et al., 2023). Moreover, desmopressin has been demonstrated to be safe in managing bleeding complications during pregnancy in women with congenital bleeding disorders (Al Arashi et al., 2024).
4 CLINICAL IMPLICATIONS IN PATIENT MANAGEMENT
4.1 Importance of monitoring non-cardiovascular effects
While vasoactive agents are critical for managing hemodynamic instability in critically ill patients, their use carries significant risks for adverse effects on non-cardiovascular systems. These effects include renal impairment, GI ischemia, neurological disturbances, hematological complications, and endocrine dysregulation. Awareness of these potential complications is essential for clinicians to optimize treatment strategies and minimize risks associated with vasoactive therapy.
Thus, continuous monitoring allows early detection of non-cardiovascular adverse effects. For instance, observing changes in urine output can signal renal impairment due to reduced renal perfusion from vasopressor therapy. Similarly, monitoring GI symptoms can help detect potential ischemia or bleeding early, allowing for timely intervention. Each patient’s response to vasoactive agents can vary significantly based on underlying health conditions, comorbidities, and the severity of their illness. Regular assessment enables healthcare providers to tailor treatment plans according to individual patient needs, adjusting dosages or switching agents as necessary to minimize adverse effects.
By actively monitoring non-cardiovascular effects, healthcare providers can implement preventive measures that may improve overall patient outcomes. For example, recognizing signs of hypercoagulable state early can lead to prompt adjustments in therapy or supportive care strategies that mitigate complications such as deep vein thrombosis. Understanding the potential for adverse effects allows for better risk stratification among patients receiving vasoactive therapy. This information is crucial in prioritizing monitoring efforts and determining which patients may require more intensive observation based on their risk profiles.
4.2 Strategies to mitigate risks associated with non-cardiovascular effects
Firstly, establishing standardized protocols for monitoring vital signs, fluid balance, renal function (e.g., serum creatinine), and GI symptoms can help healthcare teams identify potential issues early. Implementing checklists or electronic health record alerts can facilitate adherence to these protocols. Secondly, engaging a multidisciplinary team—including intensivists, pharmacists, dietitians, and nursing staff—can enhance the management of patients receiving vasoactive agents. Collaborative discussions regarding medication management and potential side effects can lead to more comprehensive care strategies. Thirdly, providing education for healthcare professionals about the potential non-cardiovascular effects of vasoactive agents is essential. Training programs should emphasize recognizing early signs of complications and understanding the pharmacological mechanisms underlying these effects. Fourthly, careful fluid management is crucial in mitigating renal complications associated with vasoactive agents. Employing dynamic assessments of fluid responsiveness (e.g., using ultrasound or other hemodynamic monitoring techniques) can guide fluid resuscitation efforts while avoiding volume overload. Lastly, engaging patients in their care by discussing potential side effects and encouraging them to report any unusual symptoms can enhance monitoring efforts. Educating patients about the importance of reporting changes in their condition fosters a collaborative approach to care.
Of note, some emerging technologies or alternative therapies could be developed to monitor and mitigate the non-cardiovascular effects of vasoactive agents. Combined usage of multiple vasoactive agents with different mechanisms, also termed ‘broad-spectrum vasopressors’, can be an effective strategy to mitigate non-cardiovascular side effects (Wieruszewski and Khanna, 2022). This multimodal approach leverages the distinct pathways and actions of various agents to achieve therapeutic goals while minimizing adverse effects.
AI-driven algorithms have increasingly been applied in healthcare settings to predict and prevent adverse effects associated with various medications. These algorithms leverage machine learning techniques to analyze large datasets, identifying patterns and risk factors that may not be immediately apparent to clinicians (Classen et al., 2023; Litvinova et al., 2024). By doing so, they can provide early warnings and suggest interventions that could mitigate potential adverse effects, thereby enhancing patient safety and improving clinical outcomes (Litvinova et al., 2024). Furthermore, the use of AI in pharmacovigilance has been explored to automate signal detection and manage adverse drug events (Wadhwa et al., 2021). This approach involves data mining techniques to identify potential signals from various sources, including clinical trials and post-marketing data. By automating the detection of adverse events, AI-driven systems can provide timely alerts and facilitate the prevention of adverse effects associated with vasoactive agents, thereby improving patient safety and healthcare outcomes.
Additionally, the use of CRISPR-Cas9 technology in precision gene editing offers a novel approach to understanding and potentially mitigating the non-cardiovascular effects of vasoactive agents. By enabling precise modifications at the genetic level, CRISPR can help elucidate the pathways through which these agents exert their effects, paving the way for more targeted therapies that minimize unintended consequences (Legere and Hinson, 2024).
5 FUTURE DIRECTIONS
Despite the widespread use of vasoactive agents, significant knowledge gaps exist regarding their non-cardiovascular effects. There is a need for comprehensive studies examining how vasoactive agents affect renal function, GI health, neurological status, and coagulation pathways. For example, elucidating how catecholamines influence neurotransmitter release or how vasopressin affects renal tubular function could lead to better therapeutic strategies and minimize adverse outcomes. Similarly, the impact of these agents on GI ischemia and bleeding requires more targeted research to develop effective monitoring and intervention strategies. There is also a lack of long-term studies assessing the chronic effects of vasoactive agents on non-cardiovascular systems. Most existing research focuses on short-term outcomes, which may not capture the full spectrum of potential adverse effects that could arise from prolonged exposure to these medications.
Therefore, addressing the non-cardiovascular side effects of vasoactive agents requires a multifaceted approach involving further research into their mechanisms and long-term impacts, as well as innovative strategies for developing novel therapies.
6 CONCLUSION
Vasoactive drugs are essential for managing critical conditions like shock but can have significant non-cardiovascular effects that require attention. This review examines their impact on renal function, GI health, neurological status, and coagulation pathways. These non-cardiovascular effects require careful monitoring and innovative research to enhance patient safety and outcomes.
AUTHOR CONTRIBUTIONS
PL: Conceptualization, Writing – original draft. LC: Methodology, Writing – review and editing. CZ: Methodology, Writing – review and editing. JN: Methodology, Writing – review and editing. PY: Methodology, Writing – review and editing. JZ: Conceptualization, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by the Zhejiang Provincial Medical and Health Science and Technology Plan (2023KY809).
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that Generative AI was used in the creation of this manuscript. During the preparation of this work the authors used Perplexity (https://www.perplexity.ai/) in order to improve the language. After using this tool, the authors reviewed and edited the content as needed and take full responsibility for the content of the publication.
REFERENCES
	Achaibar, K., and Waldmann, C. (2015). Prevention of venous thromboembolism in the critically ill patient. J. Intensive Care Soc. 16, 199–201. doi:10.1177/1751143715569404

	Ahlquist, R. P. (1976). Present state of alpha- and beta-adrenergic drugs I. The adrenergic receptor. Am. Heart J. 92, 661–664. doi:10.1016/s0002-8703(76)80086-5

	Al Arashi, W., Romano, L. G. R., Leebeek, F. W. G., Kruip, M., Van Galen, K. P. M., Turan, O., et al. (2024). Desmopressin to prevent and treat bleeding in pregnant women with an inherited bleeding disorder: a systematic literature review. J. Thromb. Haemost. 22, 126–139. doi:10.1016/j.jtha.2023.09.021

	Álvarez-Diduk, R., and Galano, A. (2015). Adrenaline and noradrenaline: protectors against oxidative stress or molecular targets?J. Phys. Chem. B 119, 3479–3491. doi:10.1021/acs.jpcb.5b00052

	Annane, D., Ouanes-Besbes, L., De Backer, D., Du, B., Gordon, A. C., Hernández, G., et al. (2018). A global perspective on vasoactive agents in shock. Intensive Care Med. 44, 833–846. doi:10.1007/s00134-018-5242-5

	Armando, I., Villar, V. A., and Jose, P. A. (2011). Dopamine and renal function and blood pressure regulation. Compr. Physiol. 1, 1075–1117. doi:10.1002/cphy.c100032

	Aslanoglou, D., Bertera, S., Sánchez-Soto, M., Benjamin Free, R., Lee, J., Zong, W., et al. (2021). Dopamine regulates pancreatic glucagon and insulin secretion via adrenergic and dopaminergic receptors. Transl. Psychiatry 11, 59. doi:10.1038/s41398-020-01171-z

	Blockmans, D., Deckmyn, H., De Vos, R., and Vermylen, J. (1996). Epinephrine induces a late thromboxane-dependent platelet shape change and enhances synergistically the shape change induced by other platelet agonists. Platelets 7, 35–42. doi:10.3109/09537109609079507

	Boerma, E. C., and Ince, C. (2010). The role of vasoactive agents in the resuscitation of microvascular perfusion and tissue oxygenation in critically ill patients. Intensive Care Med. 36, 2004–2018. doi:10.1007/s00134-010-1970-x

	Bonifazi, A., Ellenberger, M., Farino, Z. J., Aslanoglou, D., Rais, R., Pereira, S., et al. (2024). Development of novel tools for dissection of central Versus peripheral dopamine D2-Like receptor signaling in dysglycemia. Diabetes 73, 1411–1425. doi:10.2337/db24-0175

	Borkar, C. D., and Fadok, J. P. (2024). Distributed circuits regulating defensive state transitions: freezing, flight and fight. Neuropsychopharmacology 50, 320–321. doi:10.1038/s41386-024-01965-5

	Bown, L. S., Ricksten, S. E., Houltz, E., Einarsson, H., Söndergaard, S., Rizell, M., et al. (2016). Vasopressin-induced changes in splanchnic blood flow and hepatic and portal venous pressures in liver resection. Acta Anaesthesiol. Scand. 60, 607–615. doi:10.1111/aas.12684

	Busse, L. W., and Ostermann, M. (2019). Vasopressor therapy and blood pressure management in the setting of acute kidney injury. Semin. Nephrol. 39, 462–472. doi:10.1016/j.semnephrol.2019.06.006

	Carter, K., Shah, E., Waite, J., Rana, D., and Zhao, Z. Q. (2024). Pathophysiology of angiotensin II-Mediated hypertension, cardiac hypertrophy, and failure: a perspective from macrophages. Cells 13, 2001. doi:10.3390/cells13232001

	Carty, J. S., Watts, J. A., and Arroyo, J. P. (2024). Vasopressin, protein metabolism, and water conservation. Curr. Opin. Nephrol. Hypertens. 33, 512–517. doi:10.1097/MNH.0000000000001012

	Casonato, A., Pontara, E., Morpurgo, M., Sartorello, F., De Groot, P. G., Cattini, M. G., et al. (2015). Higher and lower active circulating VWF levels: different facets of von Willebrand disease. Br. J. Haematol. 171, 845–853. doi:10.1111/bjh.13785

	Cero, C., Lea, H. J., Zhu, K. Y., Shamsi, F., Tseng, Y. H., and Cypess, A. M. (2021). β3-Adrenergic receptors regulate human brown/beige adipocyte lipolysis and thermogenesis. JCI Insight 6, e139160. doi:10.1172/jci.insight.139160

	Channer, B., Matt, S. M., Nickoloff-Bybel, E. A., Pappa, V., Agarwal, Y., Wickman, J., et al. (2023). Dopamine, immunity, and disease. Pharmacol. Rev. 75, 62–158. doi:10.1124/pharmrev.122.000618

	Chi, C. Y., Khanh, T. H., Thoa Le, P. K., Tseng, F. C., Wang, S. M., Thinh Le, Q., et al. (2013). Milrinone therapy for enterovirus 71-induced pulmonary edema And/Or neurogenic shock in children: a randomized controlled trial. Crit. Care Med. 41, 1754–1760. doi:10.1097/CCM.0b013e31828a2a85

	Chong, L. Y. Z., Satya, K., Kim, B., and Berkowitz, R. (2018). Milrinone dosing and a culture of caution in clinical practice. Cardiol. Rev. 26, 35–42. doi:10.1097/CRD.0000000000000165

	Classen, D. C., Longhurst, C., and Thomas, E. J. (2023). Bending the patient safety curve: how much can AI help?NPJ Digit. Med. 6, 2. doi:10.1038/s41746-022-00731-5

	Colloca, L., Pine, D. S., Ernst, M., Miller, F. G., and Grillon, C. (2016). Vasopressin boosts placebo analgesic effects in women: a randomized trial. Biol. Psychiatry 79, 794–802. doi:10.1016/j.biopsych.2015.07.019

	Corbani, M., Marir, R., Trueba, M., Chafai, M., Vincent, A., Borie, A. M., et al. (2018). Neuroanatomical distribution and function of the vasopressin V(1B) receptor in the rat brain deciphered using specific fluorescent ligands. Gen. Comp. Endocrinol. 258, 15–32. doi:10.1016/j.ygcen.2017.10.011

	Craske, M. G., and Stein, M. B. (2016). Anxiety. Lancet 388, 3048–3059. doi:10.1016/S0140-6736(16)30381-6

	Cuisset, T., Hamilos, M., Delrue, M., Frère, C., Verhamme, K., Bartunek, J., et al. (2010). Adrenergic receptor polymorphisms and platelet reactivity after treatment with dual antiplatelet therapy with aspirin and clopidogrel in acute coronary syndrome. Thromb. Haemost. 103, 774–779. doi:10.1160/TH09-06-0355

	Daroca-Pérez, R., and Carrascosa, M. F. (2017). Digital necrosis: a potential risk of high-dose norepinephrine. Ther. Adv. Drug Saf. 8, 259–261. doi:10.1177/2042098617712669

	Demiselle, J., Fage, N., Radermacher, P., and Asfar, P. (2020). Vasopressin and its analogues in shock states: a review. Ann. Intensive Care 10, 9. doi:10.1186/s13613-020-0628-2

	Di Giantomasso, D., Morimatsu, H., May, C. N., and Bellomo, R. (2004). Increasing renal blood flow: low-dose dopamine or medium-dose norepinephrine. Chest 125, 2260–2267. doi:10.1378/chest.125.6.2260

	Dorn, G. W. (2010). Adrenergic signaling polymorphisms and their impact on cardiovascular disease. Physiol. Rev. 90, 1013–1062. doi:10.1152/physrev.00001.2010

	Ducrocq, N., Kimmoun, A., Furmaniuk, A., Hekalo, Z., Maskali, F., Poussier, S., et al. (2012). Comparison of equipressor doses of norepinephrine, epinephrine, and phenylephrine on septic myocardial dysfunction. Anesthesiology 116, 1083–1091. doi:10.1097/ALN.0b013e31824f9669

	Elkayam, U., Ng, T. M., Hatamizadeh, P., Janmohamed, M., and Mehra, A. (2008). Renal vasodilatory action of dopamine in patients with heart failure: magnitude of effect and site of action. Circulation 117, 200–205. doi:10.1161/CIRCULATIONAHA.107.737106

	Evans, L., Rhodes, A., Alhazzani, W., Antonelli, M., Coopersmith, C. M., French, C., et al. (2021). Surviving sepsis campaign: international guidelines for management of sepsis and septic shock 2021. Intensive Care Med. 47, 1181–1247. doi:10.1007/s00134-021-06506-y

	Flint, M. S., Baum, A., Episcopo, B., Knickelbein, K. Z., Liegey Dougall, A. J., Chambers, W. H., et al. (2013). Chronic exposure to stress hormones promotes transformation and tumorigenicity of 3T3 mouse fibroblasts. Stress 16, 114–121. doi:10.3109/10253890.2012.686075

	Franco, R. A., De Almeida, J. P., Landoni, G., Scheeren, T. W. L., Galas, F., Fukushima, J. T., et al. (2021). Dobutamine-sparing versus dobutamine-to-all strategy in cardiac surgery: a randomized noninferiority trial. Ann. Intensive Care 11, 15. doi:10.1186/s13613-021-00808-6

	Friedrich, J. O., Adhikari, N., Herridge, M. S., and Beyene, J. (2005). Meta-analysis: low-dose dopamine increases urine output but does not prevent renal dysfunction or death. Ann. Intern Med. 142, 510–524. doi:10.7326/0003-4819-142-7-200504050-00010

	Giovannitti, J. A., Thoms, S. M., and Crawford, J. J. (2015). Alpha-2 adrenergic receptor agonists: a review of current clinical applications. Anesth. Prog. 62, 31–39. doi:10.2344/0003-3006-62.1.31

	Gist, K. M., Korst, A., Nakano, S. J., Stauffer, B. L., Karimpour-Fard, A., Zhou, W., et al. (2021). Circulating cyclic adenosine monophosphate concentrations in milrinone treated paediatric patients after congenital heart surgery. Cardiol. Young 31, 1393–1400. doi:10.1017/S1047951121000251

	Gordon, A. C., Mason, A. J., Perkins, G. D., Stotz, M., Terblanche, M., Ashby, D., et al. (2014). The interaction of vasopressin and corticosteroids in septic shock: a pilot randomized controlled trial. Crit. Care Med. 42, 1325–1333. doi:10.1097/CCM.0000000000000212

	Gordon, A. C., Russell, J. A., Walley, K. R., Singer, J., Ayers, D., Storms, M. M., et al. (2010). The effects of vasopressin on acute kidney injury in septic shock. Intensive Care Med. 36, 83–91. doi:10.1007/s00134-009-1687-x

	Han, X., Li, P., Yang, Z., Huang, X., Wei, G., Sun, Y., et al. (2017). Zyxin regulates endothelial von Willebrand factor secretion by reorganizing actin filaments around exocytic granules. Nat. Commun. 8, 14639. doi:10.1038/ncomms14639

	Harada, K., Wada, E., Osuga, Y., Shimizu, K., Uenoyama, R., Hirai, M. Y., et al. (2025). Intestinal butyric acid-mediated disruption of gut hormone secretion and lipid metabolism in vasopressin receptor-deficient mice. Mol. Metab. 91, 102072. doi:10.1016/j.molmet.2024.102072

	Hasan, K. N., Shoji, M., Tsutaya, S., Kudo, R., Matsuda, E., Saito, J., et al. (2006). Study of V1a vasopressin receptor gene single nucleotide polymorphisms in platelet vasopressin responsiveness. J. Clin. Lab. Anal. 20, 87–92. doi:10.1002/jcla.20106

	Heller, A. S., Fox, A. S., and Davidson, R. J. (2019). Parsing affective dynamics to identify risk for mood and anxiety disorders. Emotion 19, 283–291. doi:10.1037/emo0000440

	Hernández, G., Teboul, J. L., and Bakker, J. (2019). Norepinephrine in septic shock. Intensive Care Med. 45, 687–689. doi:10.1007/s00134-018-5499-8

	Hiltebrand, L. B., Krejci, V., Jakob, S. M., Takala, J., and Sigurdsson, G. H. (2007). Effects of vasopressin on microcirculatory blood flow in the gastrointestinal tract in anesthetized pigs in septic shock. Anesthesiology 106, 1156–1167. doi:10.1097/01.anes.0000267599.02140.86

	Holmes, C. L., Landry, D. W., and Granton, J. T. (2004). Science review: vasopressin and the cardiovascular system part 2 - clinical physiology. Crit. Care 8, 15–23. doi:10.1186/cc2338

	Honda, K., and Takano, Y. (2009). New topics in vasopressin receptors and approach to novel drugs: involvement of vasopressin V1a and V1b receptors in nociceptive responses and morphine-induced effects. J. Pharmacol. Sci. 109, 38–43. doi:10.1254/jphs.08r30fm

	Hsu, W. H., Xiang, H. D., Rajan, A. S., and Boyd, A. E. (1991). Activation of alpha 2-adrenergic receptors decreases Ca2+ influx to inhibit insulin secretion in a hamster beta-cell line: an action mediated by a guanosine triphosphate-binding protein. Endocrinology 128, 958–964. doi:10.1210/endo-128-2-958

	Hu, H., Zarate, C. A., and Verbalis, J. (2024). Arginine vasopressin in mood disorders: a potential biomarker of disease pathology and a target for pharmacologic intervention. Psychiatry Clin. Neurosci. 78, 495–506. doi:10.1111/pcn.13703

	Hu, K., and Mathew, R. (2022). Inotrope and vasopressor use in cardiogenic shock: what, when and why?Curr. Opin. Crit. Care 28, 419–425. doi:10.1097/MCC.0000000000000957

	Huang, M. H., Poh, K. K., Tan, H. C., Welt, F. G., and Lui, C. Y. (2016). Therapeutic synergy and complementarity for ischemia/reperfusion injury: β1-adrenergic blockade and phosphodiesterase-3 inhibition. Int. J. Cardiol. 214, 374–380. doi:10.1016/j.ijcard.2016.03.200

	Jhaveri, D. J., Mackay, E. W., Hamlin, A. S., Marathe, S. V., Nandam, L. S., Vaidya, V. A., et al. (2010). Norepinephrine directly activates adult hippocampal precursors via beta3-adrenergic receptors. J. Neurosci. 30, 2795–2806. doi:10.1523/JNEUROSCI.3780-09.2010

	Joannidis, M., Druml, W., Forni, L. G., Groeneveld, A. B. J., Honore, P. M., Hoste, E., et al. (2017). Prevention of acute kidney injury and protection of renal function in the intensive care unit: update 2017: expert opinion of the working group on prevention, AKI section, european society of intensive care medicine. Intensive Care Med. 43, 730–749. doi:10.1007/s00134-017-4832-y

	Johnson, N. J., and Moskowitz, A. (2024). Norepinephrine or just more epinephrine: which is the best vasopressor for post-arrest shock?Resuscitation 198, 110215. doi:10.1016/j.resuscitation.2024.110215

	Karthik, S., and Lisbon, A. (2006). Low-dose dopamine in the intensive care unit. Semin. Dial. 19, 465–471. doi:10.1111/j.1525-139X.2006.00208.x

	Kellum, J. A., and Decker, J. (2001). Use of dopamine in acute renal failure: a meta-analysis. Crit. Care Med. 29, 1526–1531. doi:10.1097/00003246-200108000-00005

	Kotlikoff, M. I., and Kamm, K. E. (1996). Molecular mechanisms of beta-adrenergic relaxation of airway smooth muscle. Annu. Rev. Physiol. 58, 115–141. doi:10.1146/annurev.ph.58.030196.000555

	Krag, M., Perner, A., Wetterslev, J., and Møller, M. H. (2013). Stress ulcer prophylaxis in the intensive care unit: is it indicated? A topical systematic review. Acta Anaesthesiol. Scand. 57, 835–847. doi:10.1111/aas.12099

	Lauschke, A., Teichgräber, U. K., Frei, U., and Eckardt, K. U. (2006). 'Low-dose' dopamine worsens renal perfusion in patients with acute renal failure. Kidney Int. 69, 1669–1674. doi:10.1038/sj.ki.5000310

	Legere, N. J., and Hinson, J. T. (2024). Emerging CRISPR therapies for precision gene editing and modulation in the cardiovascular clinic. Curr. Cardiol. Rep. 26, 1231–1240. doi:10.1007/s11886-024-02125-3

	Lemmens-Gruber, R., and Kamyar, M. (2006). Vasopressin antagonists. Cell Mol. Life Sci. 63, 1766–1779. doi:10.1007/s00018-006-6054-2

	Litvinova, O., Yeung, A. W. K., Hammerle, F. P., Mickael, M. E., Matin, M., Kletecka-Pulker, M., et al. (2024). Digital technology applications in the management of adverse drug reactions: bibliometric analysis. Pharm. (Basel) 17, 395. doi:10.3390/ph17030395

	Lucchese, B. (2010). Is vasopressin more useful than norepinephrine in septic shock?Nat. Rev. Nephrol. 6, 189. doi:10.1038/nrneph.2010.27

	Maletic, V., Eramo, A., Gwin, K., Offord, S. J., and Duffy, R. A. (2017). The role of norepinephrine and its α-Adrenergic receptors in the pathophysiology and treatment of major depressive disorder and schizophrenia: a systematic review. Front. Psychiatry 8, 42. doi:10.3389/fpsyt.2017.00042

	Martikainen, T. J., Tenhunen, J. J., Uusaro, A., and Ruokonen, E. (2003). The effects of vasopressin on systemic and splanchnic hemodynamics and metabolism in endotoxin shock. Anesth. Analg. 97, 1756–1763. doi:10.1213/01.ANE.0000087039.60041.2E

	Martin, C., Medam, S., Antonini, F., Alingrin, J., Haddam, M., Hammad, E., et al. (2015). Norepinephrine: not too much, too long. Shock 44, 305–309. doi:10.1097/SHK.0000000000000426

	Mathew, R., Di Santo, P., Jung, R. G., Marbach, J. A., Hutson, J., Simard, T., et al. (2021). Milrinone as compared with dobutamine in the treatment of cardiogenic shock. N. Engl. J. Med. 385, 516–525. doi:10.1056/NEJMoa2026845

	Matthay, Z. A., Fields, A. T., Nunez-Garcia, B., Park, J. J., Jones, C., Leligdowicz, A., et al. (2022). Importance of catecholamine signaling in the development of platelet exhaustion after traumatic injury. J. Thromb. Haemost. 20, 2109–2118. doi:10.1111/jth.15763

	Meijer, E., Boertien, W. E., Zietse, R., and Gansevoort, R. T. (2011). Potential deleterious effects of vasopressin in chronic kidney disease and particularly autosomal dominant polycystic kidney disease. Kidney Blood Press Res. 34, 235–244. doi:10.1159/000326902

	Michel, M. C., and Vrydag, W. (2006). Alpha1-alpha2- and beta-adrenoceptors in the urinary bladder, urethra and prostate. Br. J. Pharmacol. 147 (Suppl. 2), S88–S119. doi:10.1038/sj.bjp.0706619

	Mittal, R., Debs, L. H., Patel, A. P., Nguyen, D., Patel, K., O'connor, G., et al. (2017). Neurotransmitters: the critical modulators regulating gut-brain axis. J. Cell Physiol. 232, 2359–2372. doi:10.1002/jcp.25518

	Mohinani, A., Patel, S., Tan, V., Kartika, T., Olson, S., Deloughery, T. G., et al. (2023). Desmopressin as a hemostatic and blood sparing agent in bleeding disorders. Eur. J. Haematol. 110, 470–479. doi:10.1111/ejh.13930

	Motiejunaite, J., Amar, L., and Vidal-Petiot, E. (2021). Adrenergic receptors and cardiovascular effects of catecholamines. Ann. Endocrinol. Paris. 82, 193–197. doi:10.1016/j.ando.2020.03.012

	Namsolleck, P., Recarti, C., Foulquier, S., Steckelings, U. M., and Unger, T. (2014). AT(2) receptor and tissue injury: therapeutic implications. Curr. Hypertens. Rep. 16, 416. doi:10.1007/s11906-013-0416-6

	Neuenfeldt, F. S., Weigand, M. A., and Fischer, D. (2021). Coagulopathies in intensive care medicine: Balancing act between thrombosis and bleeding. J. Clin. Med. 10, 5369. doi:10.3390/jcm10225369

	Newton, A. C., Bootman, M. D., and Scott, J. D. (2016). Second messengers. Cold Spring Harb. Perspect. Biol. 8, a005926. doi:10.1101/cshperspect.a005926

	Okazaki, N., Iguchi, N., Evans, R. G., Hood, S. G., Bellomo, R., May, C. N., et al. (2020). Beneficial effects of vasopressin compared with norepinephrine on renal perfusion, oxygenation, and function in experimental septic acute kidney injury. Crit. Care Med. 48, e951–e958. doi:10.1097/CCM.0000000000004511

	Olivares-Hernández, A., Figuero-Pérez, L., Cruz-Hernandez, J. J., González Sarmiento, R., Usategui-Martin, R., and Miramontes-González, J. P. (2021). Dopamine receptors and the kidney: an overview of Health- and pharmacological-targeted implications. Biomolecules 11, 254. doi:10.3390/biom11020254

	Overgaard, C. B., and Dzavík, V. (2008). Inotropes and vasopressors: review of physiology and clinical use in cardiovascular disease. Circulation 118, 1047–1056. doi:10.1161/CIRCULATIONAHA.107.728840

	Perez, D. M. (2021). Current developments on the role of α(1)-Adrenergic receptors in cognition, cardioprotection, and metabolism. Front. Cell Dev. Biol. 9, 652152. doi:10.3389/fcell.2021.652152

	Pichot, C., Ghignone, M., and Quintin, L. (2012). Dexmedetomidine and clonidine: from second-to first-line sedative agents in the critical care setting?J. Intensive Care Med. 27, 219–237. doi:10.1177/0885066610396815

	Redfors, B., Bragadottir, G., Sellgren, J., Swärd, K., and Ricksten, S. E. (2011). Effects of norepinephrine on renal perfusion, filtration and oxygenation in vasodilatory shock and acute kidney injury. Intensive Care Med. 37, 60–67. doi:10.1007/s00134-010-2057-4

	Reichling, C., Nobile, L., Pezzullo, M., Navez, J., Bachir, N., D'haene, N., et al. (2020). Non-occlusive mesenteric ischemia as a fatal complication in acute pancreatitis: a case series. Dig. Dis. Sci. 65, 1212–1222. doi:10.1007/s10620-019-05835-9

	Reilly, S. M., Hung, C. W., Ahmadian, M., Zhao, P., Keinan, O., Gomez, A. V., et al. (2020). Catecholamines suppress fatty acid re-esterification and increase oxidation in white adipocytes via STAT3. Nat. Metab. 2, 620–634. doi:10.1038/s42255-020-0217-6

	Riccardi, M., Pagnesi, M., Chioncel, O., Mebazaa, A., Cotter, G., Gustafsson, F., et al. (2024). Medical therapy of cardiogenic shock: contemporary use of inotropes and vasopressors. Eur. J. Heart Fail 26, 411–431. doi:10.1002/ejhf.3162

	Richards, J. C., Crecelius, A. R., Larson, D. G., Luckasen, G. J., and Dinenno, F. A. (2017). Impaired peripheral vasodilation during graded systemic hypoxia in healthy older adults: role of the sympathoadrenal system. Am. J. Physiol. Heart Circ. Physiol. 312, H832–h841. doi:10.1152/ajpheart.00794.2016

	Rickles, F. R., Hoyer, L. W., Rick, M. E., and Ahr, D. J. (1976). The effects of epinephrine infusion in patients with von Willebrand's disease. J. Clin. Invest 57, 1618–1625. doi:10.1172/JCI108432

	Rieg, A. D., Suleiman, S., Perez-Bouza, A., Braunschweig, T., Spillner, J. W., Schröder, T., et al. (2014). Milrinone relaxes pulmonary veins in Guinea pigs and humans. PLoS One 9, e87685. doi:10.1371/journal.pone.0087685

	Rigney, N., De Vries, G. J., and Petrulis, A. (2023). Modulation of social behavior by distinct vasopressin sources. Front. Endocrinol. (Lausanne) 14, 1127792. doi:10.3389/fendo.2023.1127792

	Ronco, C., Bellomo, R., and Kellum, J. A. (2019). Acute kidney injury. Lancet 394, 1949–1964. doi:10.1016/S0140-6736(19)32563-2

	Ruiz-Ortega, M., Rupérez, M., Esteban, V., Rodríguez-Vita, J., Sánchez-López, E., Carvajal, G., et al. (2006). Angiotensin II: a key factor in the inflammatory and fibrotic response in kidney diseases. Nephrol. Dial. Transpl. 21, 16–20. doi:10.1093/ndt/gfi265

	Sandilands, A. J., and O'shaughnessy, K. M. (2019). β1-Adrenoreceptor polymorphisms and blood pressure: 49S variant increases plasma renin but not blood pressure in hypertensive patients. Am. J. Hypertens. 32, 447–451. doi:10.1093/ajh/hpz019

	Shankar, A., Gurumurthy, G., Sridharan, L., Gupta, D., Nicholson, W. J., Jaber, W. A., et al. (2022). A clinical update on vasoactive medication in the management of cardiogenic shock. Clin. Med. Insights Cardiol. 16, 11795468221075064. doi:10.1177/11795468221075064

	Sharshar, T., and Annane, D. (2008). Endocrine effects of vasopressin in critically ill patients. Best. Pract. Res. Clin. Anaesthesiol. 22, 265–273. doi:10.1016/j.bpa.2008.02.005

	Singh, A., Gibert, Y., and Dwyer, K. M. (2018). The adenosine, adrenergic and opioid pathways in the regulation of insulin secretion, beta cell proliferation and regeneration. Pancreatology 18, 615–623. doi:10.1016/j.pan.2018.06.006

	Szczepanska-Sadowska, E., Cudnoch-Jędrzejewska, A., and Żera, T. (2024). Molecular interaction between vasopressin and insulin in regulation of metabolism: impact on cardiovascular and metabolic diseases. Int. J. Mol. Sci. 25, 13307. doi:10.3390/ijms252413307

	Tank, A. W., and Lee Wong, D. (2015). Peripheral and central effects of circulating catecholamines. Compr. Physiol. 5, 1–15. doi:10.1002/cphy.c140007

	Troadec, J. D., Marien, M., Darios, F., Hartmann, A., Ruberg, M., Colpaert, F., et al. (2001). Noradrenaline provides long-term protection to dopaminergic neurons by reducing oxidative stress. J. Neurochem. 79, 200–210. doi:10.1046/j.1471-4159.2001.00556.x

	Venkatesh, B., Khanna, A. K., and Cohen, J. (2019). Less is more: catecholamine-sparing strategies in septic shock. Intensive Care Med. 45, 1810–1812. doi:10.1007/s00134-019-05770-3

	Wachter, S. B., and Gilbert, E. M. (2012). Beta-adrenergic receptors, from their discovery and characterization through their manipulation to beneficial clinical application. Cardiology 122, 104–112. doi:10.1159/000339271

	Wadhwa, D., Kumar, K., Batra, S., and Sharma, S. (2021). Automation in signal management in pharmacovigilance-an insight. Brief. Bioinform 22, bbaa363. doi:10.1093/bib/bbaa363

	Wang, C., Feng, G. G., Takagi, J., Fujiwara, Y., Sano, T., and Note, H. (2024). Catecholamines attenuate LPS-induced inflammation through β2 adrenergic receptor Activation- and PKA phosphorylation-mediated TLR4 downregulation in macrophages. Curr. Issues Mol. Biol. 46, 11336–11348. doi:10.3390/cimb46100675

	Wieruszewski, P. M., and Khanna, A. K. (2022). Vasopressor choice and timing in vasodilatory shock. Crit. Care 26, 76. doi:10.1186/s13054-022-03911-7

	Woolsey, C. A., and Coopersmith, C. M. (2006). Vasoactive drugs and the gut: is there anything new?Curr. Opin. Crit. Care 12, 155–159. doi:10.1097/01.ccx.0000216584.72427.e4

	Xu, J., Song, D., Bai, Q., Cai, L., Hertz, L., and Peng, L. (2014). Basic mechanism leading to stimulation of glycogenolysis by isoproterenol, EGF, elevated extracellular K+ concentrations, or GABA. Neurochem. Res. 39, 661–667. doi:10.1007/s11064-014-1244-z

	Xu, X., Shonberg, J., Kaindl, J., Clark, M. J., Stößel, A., Maul, L., et al. (2023). Constrained catecholamines gain β(2)AR selectivity through allosteric effects on pocket dynamics. Nat. Commun. 14, 2138. doi:10.1038/s41467-023-37808-y

	Zhang, H. T., Whisler, L. R., Huang, Y., Xiang, Y., and O'donnell, J. M. (2009). Postsynaptic alpha-2 adrenergic receptors are critical for the antidepressant-like effects of desipramine on behavior. Neuropsychopharmacology 34, 1067–1077. doi:10.1038/npp.2008.184

	Zweifler, A. J., Fedorak, I., and Borondy, M. (1990). Determinants of platelet catecholamine content: uptake and retention of catecholamines by human platelets in vitro. Platelets 1, 91–94. doi:10.3109/09537109009005469


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Lan, Chen, Zhang, Ni, Yu and Zhou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


ORIGINAL RESEARCH

published: 28 July 2025

doi: 10.3389/fendo.2025.1542549

[image: Frontiers: Stamp Date]


Influence of glycated hemoglobin on thromboinflammation in acute ischemic stroke: a retrospective, propensity score matching study


Liuding Wang 1,2†, Yifan Chen 1,3†, Longtao Liu 4†, Min Jia 1,5, Yunfan Zhang 1,6, Ze Chang 1,2, Zhiyi Gong 7, Jian Lyu 1,8,9*, Xiao Liang 1,2* and Yunling Zhang 1,2*


1 Xiyuan Hospital, China Academy of Chinese Medical Sciences, Beijing, China, 2Departmalet of Neurology, Xiyuan Hospital, China Academy of Chinese Medical Sciences, Beijing, China, 3 Departmalet of Cardiology, Xiyuan Hospital, China Academy of Chinese Medical Sciences, Beijing, China, 4 Guang’anmen Hospital, China Academy of Chinese Medical Sciences, Beijing, China, 5 Medical Ethics Committee, Xiyuan Hospital, China Academy of Chinese Medical Sciences, Beijing, China, 6 Graduate School, Beijing University of Chinese Medicine, Beijing, China, 7 Shandong University of Traditional Chinese Medicine, Jinan, China, 8 National Medical Products Administration (NMPA) Key Laboratory for Clinical Research and Evaluation of Traditional Chinese Medicine, Xiyuan Hospital, China Academy of Chinese Medical Sciences, Beijing, China, 9 National Clinical Research Center for Chinese Medicine Cardiology, Xiyuan Hospital, China Academy of Chinese Medical Sciences, Beijing, China




Edited by: 

Zhice Xu, Wuxi Maternity and Child Health Care Hospital, China

Reviewed by: 

Dongwei Sun, University of California, Riverside, United States

Hanqing Liu, Zhejiang University, China

*Correspondence: 

Jian Lyu
 dr.jianlyu-tcm@outlook.com 

Xiao Liang
 liangxiao022@126.com 

Yunling Zhang
 yunlingzhang2004@126.com

†These authors have contributed equally to this work and share first authorship


Received: 10 December 2024

Accepted: 09 July 2025

Published: 28 July 2025

Citation:
Wang L, Chen Y, Liu L, Jia M, Zhang Y, Chang Z, Gong Z, Lyu J, Liang X and Zhang Y (2025) Influence of glycated hemoglobin on thromboinflammation in acute ischemic stroke: a retrospective, propensity score matching study. Front. Endocrinol. 16:1542549. doi: 10.3389/fendo.2025.1542549






Background

Hyperglycemia is acknowledged as a pivotal factor associated with poor prognosis in acute ischemic stroke (AIS). The intricate interplay among hyperglycemia, thrombosis, and inflammation has garnered significant attention. Therefore, we aimed to investigate the association between hemoglobin A1c (HbA1c) and risk of thrombosis, and the role of inflammation, in patients with AIS.





Methods

A total of 1,291 patients with AIS were identified from Xiyuan Hospital, China Academy of Chinese Medical Sciences. A propensity score matching was used to address baseline imbalances. AIS patients were divided into a high HbA1c group (n = 419) and a control group (n = 656) based on whether their initial HbA1c levels upon admission were above or below 6.5%. Thrombosis was assessed using coagulation parameters. Inflammation was reflected by markers such as the neutrophil-to-lymphocyte ratio (NLR), systemic immune-inflammation index (SII), and systemic inflammatory response index (SIRI). Chi-square test, independent sample t-test, Mann-Whitney U test, and logistic regression were used for correlation analysis.





Results

In AIS patients, HbA1c levels > 6.5% were significantly associated with abnormal coagulation function and elevated inflammatory response. Among AIS patients with elevated HbA1c, high fibrinogen levels were significantly correlated with increased inflammatory markers such as SII and SIRI. Furthermore, HbA1c > 6.5% was identified as an independent predictor for hypercoagulability in AIS patients (OR = 1.74, 95% CI 1.17 − 2.60, P = 0.006).





Conclusions

Elevated HbA1c levels were associated with severe hypercoagulability and heightened inflammatory responses following AIS onset. Elevated HbA1c levels may contribute to poorer outcomes, likely due to the thromboinflammation.





Keywords: diabetes, cerebral infarction, coagulation dysfunction, immune thrombosis, real world study




1 Introduction

Hyperglycemia is a risk factor for adverse prognosis in patients with acute ischemic stroke (AIS) (1). Compared to acute blood glucose levels or diabetes history, glycosylated hemoglobin A1c (HbA1c) levels might be more appropriate for predicting symptomatic hemorrhage and early neurological deterioration following recanalization therapy in AIS (2, 3). HbA1c is a widely recognized biomarker for monitoring long-term blood glucose levels, with elevated levels indicating clear vascular damage over the past three months. Previous studies have found that hyperglycemia may worsen AIS by inducing inflammation and endothelial dysfunction, but the biological mechanisms linking hyperglycemia, inflammation, and vascular damage remain unclear (4). A population-based study indicated that in 5778 patients, HbA1c levels were positively correlated with the activity levels of coagulation factors VIII, IX, and XI, as well as fibrinogen levels (5). In recent years, the interaction between coagulation abnormalities and inflammation, leading to thromboinflammation, has become a research focus in the pathophysiological mechanisms of AIS (6). Recent research indicates that the improvement in long-term functional outcomes in hyperglycemic mice following stroke might be related to the reduction of thromboinflammation (7). Considering the potential effects of glucose metabolism on coagulation factors and the key role of thromboinflammation in AIS progression, this study analyzed the impact of HbA1c levels on coagulation function and inflammatory markers in patients with AIS, explored the predictive value of HbA1c levels for coagulation abnormalities, and discussed how hyperglycemia might influence AIS prognosis by worsening thromboinflammation.




2 Materials and methods



2.1 Study design and patients

This is a retrospective cohort study, and the study protocol was approved by the Medical Ethics Committee of Xiyuan Hospital, China Academy of Chinese Medical Sciences (approval number: 2020XLA054-4). The patients were admitted to Xiyuan Hospital, China Academy of Chinese Medical Sciences, for AIS treatment between January 2015 and December 2019. The diagnosis of AIS was based on the “Chinese Acute Ischemic Stroke Diagnosis and Treatment Guidelines 2018” (8): (1) acute onset; (2) focal neurological deficits, with some cases showing global neurological deficits; (3) imaging revealing the responsible lesion or symptoms/signs lasting for over 24 hours; (4) exclusion of non-vascular causes; (5) brain CT/MRI to rule out intracranial hemorrhage.

Inclusion criteria: (1) age ≥ 60 years, with no gender restrictions; (2) meets the diagnostic criteria for AIS and is in the acute phase upon admission; (3) complete documentation of the medical record. Exclusion criteria: (1) presence of active infections upon admission, such as bacterial pneumonia, aspiration pneumonia, chronic obstructive pulmonary disease with acute lower respiratory tract infections, bronchiectasis with infection, urinary tract infections, etc.; (2) concomitant severe hematological diseases, such as aplastic anemia, thrombocytopenic purpura, etc.; (3) concomitant autoimmune diseases, such as rheumatoid arthritis, systemic lupus erythematosus, rheumatoid arthritis, and rheumatic heart disease.




2.2 Research methods

Demographic characteristics of patients (age, gender), chief complaints, admission and discharge diagnoses, as well as the first laboratory test results upon admission, including complete blood count, blood biochemistry, HbA1c, and the four coagulation parameters [prothrombin time (PT), activated partial thromboplastin time (APTT), thrombin time (TT), fibrinogen (Fbg)], were retrieved and documented from the inpatient electronic medical record system. Based on the HbA1c level detected after admission, indicating whether the patient has been exposed to hyperglycemia in the past three months, AIS patients were categorized into the study group (HbA1c > 6.5%) and the control group (HbA1c ≤ 6.5%). According to current international guidelines, an HbA1c level > 6.5% indicates elevated HbA1c levels, suggesting the presence of diabetes and poor glycemic control.

Coagulation function parameters include PT, APTT, TT, and Fbg. Inflammatory markers include absolute neutrophil count (ANC), absolute lymphocyte count (ALC), absolute monocyte count (AMC), neutrophil-to-lymphocyte ratio (NLR), systemic immune-inflammation index (SII), and systemic inflammation response index (SIRI). Reference range values: PT 10.00~14.00 sec, APTT 20.00~40.00 sec, TT 13.00~21.00 sec, Fbg 1.70~4.05 g/L, ANC 1.80~6.30×109/L, ALC 1.10~3.20×109/L, AMC 0.10~0.60×109/L. The formula for calculating NLR is NLR = ANC/ALC. The formula for calculating SII is SII = absolute platelet count×ANC/ALC. The formula for calculating SIRI is SIRI = ANC×AMC/ALC. Several predictive model studies (9–12) have shown that elevated values of NLR, SII, and SIRI are independent risk factors for poor prognosis in AIS, with the optimal cutoff values possibly being 4.20, 545.14×109/L, and 1.298×109/L, respectively.




2.3 Statistical analysis

Statistical analysis was performed using IBM SPSS 26.0 software. A 1:2 propensity score matching (PSM) was used to address baseline imbalances. We matched participants on age, sex, comorbidities, anticoagulant and antiplatelet therapies using a caliper of 0.02. Categorical variables were described by frequency and percentage, and group comparisons were performed using the χ² test; continuous variables with a normal distribution were described using “mean ± standard deviation,” with comparisons between groups conducted using the independent t-test and ANOVA for multiple groups; non-normally distributed continuous variables were described using “median (interquartile range)” and compared between two groups using the Mann-Whitney U test, and between multiple groups using the Kruskal-Wallis test. Statistical significance was defined as P < 0.05. Subgroup analysis of the effect of HbA1c was performed based on comorbidities. A correlation analysis of coagulation and inflammatory changes was conducted in AIS patients with high HbA1c levels. Binary logistic regression was performed to analyze the risk factors for coagulation dysfunction in AIS. Collinearity diagnostics were performed to examine interactions among variables. The predictive performance was assessed by constructing receiver operating characteristic (ROC) curves and computing the corresponding area under the curve (AUC).





3 Results



3.1 Baseline characteristics

A total of 1,291 patients with AIS were included in this study. Laboratory results indicated that 473 patients (36.64%) had HbA1c > 6.5%, of which 203 had a history of diabetes; 818 patients (63.36%) had HbA1c ≤ 6.5%, with 361 having a history of diabetes. Table 1 summarizes the differences in sociodemographic characteristics, comorbidities, medication use, and selected biochemical results between the two groups. No statistically significant differences were found between the two groups in terms of age, gender, history of hypertension, history of diabetes, history of dyslipidemia, and current smoking (P > 0.05). Patients with elevated HbA1c had significantly lower atrial fibrillation rates (P < 0.05) but higher antiplatelet and hypoglycemic medication use (P < 0.05) compared to controls.


Table 1 | Comparison of baseline characteristics between the study group and control group.
	Baseline characteristics
	HbA1c > 6.5% (n = 473)
	HbA1c ≤ 6.5% (n = 818)
	P value



	Demographic characteristics


	Age, y; media (Q1, Q3)
	74 (66, 80)
	74 (66, 81)
	0.199


	Male; n (%)
	299 (63.21)
	476 (58.19)
	0.076


	Comorbidities


	Diabetes; n (%)
	203 (42.92)
	361 (44.13)
	0.672


	Hypertension; n (%)
	383 (80.97)
	668 (81.66)
	0.759


	Dyslipidemia; n (%)
	224 (47.36)
	362 (44.25)
	0.281


	Atrial fibrillation; n (%)
	28 (5.92)
	92 (11.25)
	0.001


	Renal insufficiency; n (%)
	43 (9.09)
	72 (8.80)
	0.861


	Heart failure; n (%)
	17 (3.59)
	28 (3.42)
	0.872


	Regular medication


	Warfarin; n (%)
	4 (0.85)
	5 (0.61)
	0.626


	Rivaroxaban; n (%)
	1 (0.21)
	3 (0.37)
	0.629


	Clopidogrel; n (%)
	27 (5.71)
	24 (2.93)
	0.014


	Aspirin; n (%)
	76 (16.07)
	95 (11.61)
	0.023


	Hypoglycemic therapy; n (%)
	298 (63.00)
	104 (12.71)
	0.001


	Alcohol consumption and smoking status


	Current drinker; n (%)
	94 (19.87)
	180 (22.00)
	0.367


	Current smoker; n (%)
	95 (20.08)
	191 (23.35)
	0.173










3.2 Propensity score matching

To adjust for confounding factors, we performed PSM based on age, sex, comorbidities, medication use, and smoking/alcohol habits. After matching, the study group included 419 cases and the control group included 656 cases (Table 2). The between-group statistical differences in clopidogrel use (P = 0.203) and aspirin use (P = 0.448) were eliminated, and the P-values for sex and smoking also improved significantly. Although the difference in hypoglycemia therapy remained significant, we considered that this factor was closely associated with HbA1c > 6.5% and thus did not require further balancing. Overall, the confounding factors between the groups were effectively controlled after propensity score matching.


Table 2 | Comparison of baseline characteristics between the two groups after propensity score matching.
	Baseline characteristics
	HbA1c > 6.5% (n = 419)
	HbA1c ≤ 6.5% (n = 656)
	P value



	Demographic characteristics


	Age, y; media (Q1, Q3)
	74 (66, 80)
	73 (65, 80)
	0.993


	Male; n (%)
	259 (61.81)
	404 (61.59)
	0.940


	Comorbidities


	Diabetes; n (%)
	181 (43.20)
	289 (44.05)
	0.782


	Hypertension; n (%)
	335 (79.95)
	542 (82.62)
	0.271


	Dyslipidemia; n (%)
	188 (44.87)
	298 (45.43)
	0.858


	Atrial fibrillation; n (%)
	26 (6.21)
	69 (10.52)
	0.015


	Renal insufficiency; n (%)
	39 (9.31)
	56 (8.54)
	0.664


	Heart failure; n (%)
	14 (3.34)
	24 (3.66)
	0.784


	Regular medication


	Warfarin; n (%)
	3 (0.72)
	4 (0.61)
	0.833


	Rivaroxaban; n (%)
	0 (0.00)
	0 (0.00)
	–


	Clopidogrel; n (%)
	11 (2.63)
	10 (1.52)
	0.203


	Aspirin; n (%)
	51 (12.17)
	70 (10.67)
	0.448


	Hypoglycemic therapy; n (%)
	258 (61.58)
	84 (12.80)
	0.001


	Alcohol consumption and smoking status


	Current drinker; n (%)
	81 (19.33)
	139 (21.19)
	0.462


	Current smoker; n (%)
	84 (20.05)
	137 (20.88)
	0.741










3.3 Impact of HbA1c levels on coagulation function in patients with AIS

Compared to the control group, the high HbA1c group had significantly lower PT and APTT, and significantly higher Fbg levels, with differences being statistically significant (P < 0.05, Table 3). No statistically significant difference was found in TT between the two groups. The proportion of patients in the high HbA1c group with PT < 10.00 sec was significantly higher than in the control group (5.49% vs. 3.05%, P = 0.047), and the proportion of patients with Fbg > 4.05 g/L was significantly higher in the high HbA1c group compared to the control group (13.6% vs. 8.23%, P = 0.005). No statistically significant difference was found between the groups regarding the proportion of patients with APTT < 20.00 sec. No patients in either group had TT below the lower reference range.


Table 3 | Impact of HbA1c > 6.5% on coagulation function parameters.
	Coagulation function
	HbA1c > 6.5% (n = 419)
	HbA1c ≤ 6.5% (n = 656)
	P value



	Continuous variables


	PT, sec; media (Q1, Q3)
	11.10 (10.60, 11.60)
	11.30 (10.80, 11.90)
	< 0.001


	APTT, sec; media (Q1, Q3)
	27.00 (25.00, 29.20)
	28.30 (26.00, 30.88)
	< 0.001


	TT, sec; media (Q1, Q3)
	18.80 (18.10, 19.50)
	18.80 (18.03, 19.50)
	0.602


	Fbg, g/L; media (Q1, Q3)
	2.92 (2.44, 3.51)
	2.74 (2.27, 3.32)
	0.001


	Categorical variables


	PT < 10.00 sec; n (%)
	23 (5.49)
	20 (3.05)
	0.047


	APTT < 20.00 sec; n (%)
	3 (0.72)
	2 (0.3)
	0.334


	Fbg > 4.05 g/L; n (%)
	57 (13.6)
	54 (8.23)
	0.005





APTT, activated partial thromboplastin time; Fbg, fibrinogen; PT, prothrombin time; TT, thrombin time.






3.4 Impact of HbA1c levels on inflammatory response in patients with AIS

Compared to the control group, the high HbA1c group had significantly elevated ANC, ALC, and SII, with statistically significant differences (P < 0.05, Table 4). No significant difference was observed in AMC, APC, NLR, and SIRI between the two groups.


Table 4 | Impact of HbA1c > 6.5% on inflammatory response parameters.
	Inflammatory response
	HbA1c > 6.5% (n = 419)
	HbA1c ≤ 6.5% (n = 656)
	P value



	Continuous variables


	ANC, 109/L; media (Q1, Q3)
	4.40 (3.50, 5.57)
	3.95 (3.11, 5.08)
	< 0.001


	ALC, 109/L; media (Q1, Q3)
	1.66 (1.27, 2.10)
	1.54 (1.17, 1.97)
	0.003


	AMC, 109/L; media (Q1, Q3)
	0.39 (0.31, 0.51)
	0.39 (0.31, 0.50)
	0.859


	APC, 109/L; media (Q1, Q3)
	222.00 (185.00, 266.00)
	216.50 (183.25, 260.75)
	0.2


	NLR; media (Q1, Q3)
	2.65 (1.95, 3.85)
	2.44 (1.83, 3.55)
	0.062


	SII, 109/L; media (Q1, Q3)
	594.50 (414.92, 879.29)
	527.50 (374.26, 822.92)
	0.024


	SIRI, 109/L; media (Q1, Q3)
	1.03 (0.65, 1.78)
	0.94 (0.61, 1.52)
	0.142


	Categorical variables


	NLR > 4.20; n (%)
	93 (22.5)
	123 (18.75)
	0.169


	SII > 545.14×109/L; n (%)
	241 (57.52)
	314 (47.87)
	0.002


	SIRI > 1.298×109/L; n (%)
	161 (38.42)
	202 (30.79)
	0.01





ANC, absolute neutrophil count; ALC, absolute lymphocyte count; AMC, absolute monocyte count; APC, absolute platelet count; NLR, neutrophil-to-lymphocyte ratio; SII, systemic immune-inflammation index; SIRI, systemic inflammation response index.



The proportion of patients in the high HbA1c group with SII > 545.14×109/L was significantly higher than in the control group (57.52% vs. 47.87%, P = 0.002), and the proportion of patients with SIRI > 1.298×109/L was also significantly higher in the high HbA1c group compared to the control group (38.42% vs. 30.79%, P = 0.01). No statistically significant difference was observed in the proportion of patients with NLR > 4.2 between the two groups.




3.5 Subgroup analysis of HbA1c-associated coagulation dysfunction in patients with AIS

Elevated HbA1c showed selective associations with higher fibrinogen (Fbg > 4.05 g/L) (Table 5). Significant positive correlations emerged in patients with hypertension, dyslipidemia, or renal insufficiency (P < 0.05), but not in those without these conditions. The association was stronger in heart failure patients than in those without heart failure. Notably, while non-diabetics demonstrated a robust HbA1c-Fbg relationship, this association disappeared in established diabetes.


Table 5 | Subgroup analysis of coagulation function in AIS patients with HbA1c > 6.5% versus those with HbA1c ≤ 6.5%.
	Subgroups
	HbA1c > 6.5%
	HbA1c ≤ 6.5%
	P value


	Fbg > 4.05, n (%)



	Hypertension


	 Yes (n = 877)
	48 (14.33)
	46 (8.49)
	0.007


	 No (n = 198)
	9 (10.71)
	8 (7.02)
	0.36


	Dyslipidemia


	 Yes (n = 486)
	31 (16.49)
	28 (9.4)
	0.02


	 No (n = 589)
	26 (11.26)
	26 (7.26)
	0.096


	Renal insufficiency


	 Yes (n = 95)
	16 (41.03)
	7 (12.5)
	0.001


	 No (n = 980)
	41 (10.79)
	47 (7.83)
	0.115


	Heart failure


	 Yes (n = 38)
	5 (35.71)
	2 (8.33)
	0.038


	 No (n = 1037)
	52 (12.84)
	52 (8.23)
	0.016


	Diabetes


	 Yes (n = 470)
	20 (11.05)
	27 (9.34)
	0.549


	 No (n = 605)
	37 (15.55)
	27 (7.36)
	0.001





Fbg, fibrinogen.






3.6 Correlation analysis between coagulation function and inflammatory response

Using the upper reference value for Fbg (4.05 g/L) as the cutoff, the AIS patients with HbA1c > 6.5% were divided into two groups: coagulation dysfunction (65 cases) and normal coagulation function (408 cases). In the coagulation dysfunction group, NLR, SII, and SIRI were all significantly higher, with statistically significant differences (P < 0.05, Table 6). For AIS patients with HbA1c ≤ 6.5%, coagulation dysfunction was also significantly correlated with high levels of inflammation (Table 6).


Table 6 | Correlation between coagulation function and inflammation in AIS patients.
	Inflammatory response
	Fbg > 4.05
	Fbg ≤ 4.05
	P value



	HbA1c > 6.5%


	NLR; media (Q1, Q3)
	4.65 (2.77, 6.92)
	2.35 (1.77, 3.36)
	< 0.001


	SII, 109/L; media (Q1, Q3)
	1013.11 (705.18, 1569.66)
	505.04 (360.73, 763.20)
	< 0.001


	SIRI, 109/L; media (Q1, Q3)
	2.22 (1.13, 4.06)
	0.88 (0.60, 1.37)
	< 0.001


	HbA1c ≤ 6.5%


	NLR; media (Q1, Q3)
	3.82 (2.60, 7.35)
	2.51 (1.90, 3.55)
	< 0.001


	SII, 109/L; media (Q1, Q3)
	969.53 (584.32, 1548.19)
	564.68 (386.91, 798.67)
	< 0.001


	SIRI, 109/L; media (Q1, Q3)
	1.70 (1.01, 3.64)
	0.95 (0.61, 1.65)
	< 0.001





NLR, neutrophil-to-lymphocyte ratio; SII, systemic immune-inflammation index; SIRI, systemic inflammation response index.






3.7 Risk factor analysis for coagulation dysfunction in patients with AIS

Patients with AIS were divided into two groups: coagulation dysfunction group (Fbg > 4.05 g/L, n = 111) and control group (Fbg ≤ 4.05 g/L, n = 964). The proportion of patients with coagulation dysfunction was 10.33%. The ANOVA results revealed significant between-group differences in three variables: elevated HbA1c (P = 0.005), sex (P = 0.01), and renal insufficiency (P =0.000). Age, smoking and drinking status, medication use, and other comorbidities showed no significant group differences. A binary logistic regression analysis was performed with coagulation dysfunction as the dependent variable and HbA1c > 6.5%, sex, and renal insufficiency as independent variables. Collinearity diagnostics indicated no significant multicollinearity among these independent variables (variance inflation factor = 1). Logistic regression analysis showed that renal insufficiency (OR = 3.27, 95% CI 1.93 − 5.53, P < 0.001), HbA1c > 6.5% (OR = 1.74, 95% CI 1.17 − 2.60, P = 0.006), and female (OR = 1.70, 95% CI 1.14 − 2.53, P = 0.01) were significant risk factors for coagulation dysfunction in patients with AIS (Figure 1). The logistic regression model achieved an AUC of 0.617 (95% CI 0.558 − 0.676, P < 0.001) (Figure 2). ROC curve analysis of HbA1c as a continuous variable yielded an AUC of 0.584 (95% CI 0.529 − 0.639, P = 0.004) (Figure 3). The optimal cutoff value was determined as 6.45% using Youden’s index (0.144).

[image: Table and forest plot show odds ratios (OR) for three variables: renal insufficiency (OR 3.27, CI 1.93-5.53, p < 0.001), HbA1c > 6.5% (OR 1.74, CI 1.17-2.60, p = 0.006), and female (OR 1.70, CI 1.14-2.53, p = 0.01). Forest plot depicts these ORs with 95% confidence intervals.]
Figure 1 | Forest plot of the association between female, elevated HbA1c, and renal insufficiency with the risk of coagulation dysfunction in patients with AIS.

[image: Receiver Operating Characteristic (ROC) curve with sensitivity on the y-axis and 1-specificity on the x-axis. The curve is magenta, and the diagonal line is dotted green. The area under the curve (AUC) is 0.617.]
Figure 2 | Receiver operating characteristic curve for logistic regression model (female, HbA1c > 6.5%, and renal insufficiency) in predicting coagulation dysfunction in patients with AIS.

[image: Receiver operating characteristic (ROC) curve plotting sensitivity against one minus specificity, depicted with a purple line with dots. The diagonal green dashed line represents the no-discrimination line. The area under the curve (AUC) is 0.584, indicating moderate predictive accuracy.]
Figure 3 | Receiver operating characteristic curve for HbA1c as a continuous variable in predicting coagulation dysfunction in patients with AIS.





4 Discussion

This study, for the first time, highlights the significant effect of high HbA1c levels on thromboinflammation in AIS and investigates the correlation between coagulation function and inflammation response. The study indicated that HbA1c levels > 6.5% were significantly associated with coagulation dysfunction and an heightened inflammatory response during the acute phase of ischemic stroke. Regardless of HbA1c levels, hyperfibrinogenemia in AIS patients was significantly correlated with increased inflammatory markers such as NLR, SII, and SIRI. Additionally, through univariate screening and subsequent binary logistic regression analysis, we identified HbA1c > 6.5%, renal insufficiency, and female sex as independent predictive factors for coagulation dysfunction in patients with AIS. The risk of hyperfibrinogenemia in patients with HbA1c > 6.5% is 1.75 times higher than in patients with normal HbA1c levels. These findings demonstrate that poor pre-stroke glycemic control significantly exacerbates both hypercoagulability and excessive inflammatory responses. A previous prospective cohort study identified elevated HbA1c level as an independent predictor of poor clinical outcomes in large vessel occlusion patients receiving mechanical thrombectomy (2). Several clinical studies found that pre-admission or admission hyperglycemia is a key predictor of poor short- and long-term outcomes in AIS patients (13–16). This study offers a new mechanistic perspective on the biological basis of poor blood glucose control in AIS patients, particularly in terms of coagulation and inflammation. Previous studies have found that a clear history of diabetes, high blood sugar levels at admission, stress-induced hyperglycemia, and chronic hyperglycemia increase the risk of poor prognosis in acute coronary syndrome (ACS) patients, and suggest that this may be related to fibrinolysis resistance, enhanced platelet activation, and increased thrombin generation leading to thrombosis (17–20). This study found that elevated blood glucose levels in the past three months in AIS patients are also closely associated with fibrinolysis resistance. Thus, this study, along with previous research, indicates that high blood glucose levels are a significant risk factor for recurrent adverse cardiovascular events or death in ischemic cardiovascular and cerebrovascular diseases.

Previous studies have found that hyperglycemia can exacerbate blood-brain barrier damage, promote hemorrhagic transformation, and lead to early neurological deterioration in AIS patients (21, 22). The key pathological mechanisms involved may include endothelial cell ferroptosis, neuroinflammation, and mitochondrial electron transport chain dysfunction (23–26), which are closely related to signaling pathways such as P2RX7-ERK1/2, AGE-RAGE, and NLRP3. This study found that chronic hyperglycemia can cause coagulation dysfunction at admission in AIS patients, manifested by elevated fibrinogen (Fbg) levels and shortened prothrombin time (PT), suggesting that fibrinolysis resistance and hypercoagulability may be key pathological mechanisms for poor prognosis in AIS patients with high blood sugar. In individuals with chronic hyperglycemia, pathological phenomena related to fibrin formation and lysis abnormalities occur, such as increased fibrin network density, decreased fibrin clot permeability, and impaired fibrinolysis (27, 28). Compared to non-diabetic patients, diabetic patients have a higher proportion of thrombotic fibrin and lower permeability blood clots (29, 30). Studies have shown that fibrin-rich thrombi are significantly associated with prolonged reperfusion surgery time and poor prognosis in AIS patients (31). In addition to fibrin abnormalities, hyperglycemia can also increase tissue factor-induced procoagulant activity (32). Furthermore, this study found that chronic hyperglycemia is significantly correlated with increased inflammation markers such as NLR, SII, and SIRI at admission in AIS patients, and that changes in coagulation and inflammation markers are highly correlated. This suggests that thromboinflammation may be an important pathological event influencing the prognosis of AIS patients with high HbA1c levels. In recent years, researchers have increasingly focused on the complex interplay between thrombosis formation and inflammation, emphasizing the importance of thromboinflammation in the development of cardiovascular and cerebrovascular diseases (33). Previous studies have shown that elevated fibrinogen levels in COVID-19 patients are significantly associated with increases in inflammatory markers such as interleukin-6, C-reactive protein, ferritin, erythrocyte sedimentation rate, and procalcitonin (34, 35). Fibrinogen is not only a crucial substrate in the coagulation system but also a classic inflammatory mediator (36). In mediating neuroinflammation, fibrinogen can bind to the CD11b/CD18 integrin receptor to activate the NLRP3 inflammasome in microglial cells, thereby inducing the release of pro-inflammatory cytokines (37–39).

It remains unclear whether intensified blood glucose control should be implemented to manage hyperglycemic AIS patients. One study found that compared to standard blood glucose control, intensified glucose control may further improve hypercoagulability by reducing whole blood tissue factor procoagulant activity, and it was associated with better functional outcomes in AIS patients (40). However, a multicenter, large-sample randomized controlled trial confirmed that intensified blood glucose control did not significantly improve the proportion of AIS patients achieving good functional outcomes at three months compared to standard blood glucose control (41). Furthermore, exenatide therapy was shown to safely reduce the frequency of hyperglycemic events in AIS patients, but it did not alleviate neurological damage (42). Therefore, no treatment plan has yet been established that can effectively improve the prognosis of hyperglycemic AIS patients. Given that chronic hyperglycemia has long-term effects on the coagulation system, the short-term effect of intensified glucose control after AIS onset may be delayed.

High levels of glycosylated hemoglobin may exacerbate thromboinflammation in AIS patients, suggesting that future researchers should focus more on populations with comorbid cerebro-cardiovascular disease and diabetes. This includes conducting in-depth studies on the biological mechanisms by which hyperglycemia induces thromboinflammation, developing cardiovascular event prevention and treatment strategies based on common characteristics within these populations, and verifying the effectiveness of these strategies through multicenter randomized controlled trials. Notably, in this study, less than half of the patients with HbA1c > 6.5% had been previously diagnosed with diabetes. This underdiagnosis of diabetes suggests that regular blood glucose monitoring and control are essential components in the prevention and treatment of stroke in high-risk populations without a prior diabetes history. Furthermore, our subgroup analysis found no significant association between elevated HbA1c levels and hypercoagulability in patients with long-standing diabetes. This suggests that with prolonged duration of diabetes, the coagulation system may become less sensitive to current glycemic control status as reflected by HbA1c. Standard diabetes treatments could modulate the coagulation system, further complicating this relationship.

This study has two limitations. First, while we excluded confirmed cases of active infection, our study could not account for potential subclinical infections that may influence inflammatory markers. Second, our analysis was restricted to admission laboratory tests without subsequent measurements. Future studies should track these measurements over time to understand the temporal progression of HbA1c-associated thromboinflammation.

This study establishes HbA1c as a clinically meaningful biomarker of thromboinflammation in AIS. Although the prognostic utility of HbA1c requires further validation, these findings may directly influence acute-phase treatment strategies, particularly in optimizing antithrombotic therapy. A promising approach would be to combine HbA1c levels with established imaging biomarkers, such as infarct core volume (43), clot burden score (44), and artery occlusion image score (45), during initial assessment. Such integration could enhance early risk stratification and inform personalized antithrombotic interventions.




5 Conclusion

An HbA1c level > 6.5% may be an important risk factor for a hypercoagulable state following the onset of AIS, with thromboinflammation potentially playing a key role in the development of this pathological process. Therefore, for AIS patients with HbA1c > 6.5%, close monitoring of coagulation function during hospitalization is essential to prevent the formation of new thrombi.
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Background

The incidence of thin endometrium in assisted reproductive technology (ART) is between 1% and 2.5%, yet its treatment options are varied and often show limited efficacy. There is an urgent need to delineate the relative effectiveness of various interventions to guide clinical practice.





Objective

This study aims to systematically compare the efficacy of different interventions for treating thin endometrium via a network meta-analysis, focusing on improvements in endometrial thickness and clinical pregnancy rates.





Methods

A systematic search was conducted in PubMed, The Cochrane Library, EMBASE, CBM, and CNKI databases, covering literature until December 31, 2024. Randomized controlled trials (RCTs) evaluating treatments for thin endometrium were included and assessed for quality using the Cochrane Risk of Bias Tool. Stata 17.0 software was used for the network meta-analysis, employing Bayesian methods to construct network diagrams and calculate the surface under the cumulative ranking curve (SUCRA).





Results

Eighteen RCTs involving six interventions (oral aspirin, Ding Kun Dan, intrauterine infusion of platelet-rich plasma [PRP], intrauterine infusion of granulocyte-macrophage colony-stimulating factor [G-CSF], intramuscular injection of recombinant human growth hormone [rhGH], and neuromuscular electrical stimulation [NMES]) were included. The network meta-analysis revealed: 1) Endometrial thickness: All intervention groups showed varying degrees of effectiveness in increasing thickness compared to the control group. The top three ranked in effectiveness were G-CSF (SUCRA = 78.48%), aspirin (SUCRA = 70.89%), and PRP (SUCRA = 68.14%). 2) Clinical pregnancy rate: PRP ranked highest in improving pregnancy rates (SUCRA = 80.12%), followed by aspirin (SUCRA = 70.29%) and Ding Kun Dan (SUCRA = 62.79%). Overall, PRP showed significant advantages in both increasing endometrial thickness and improving clinical pregnancy rates, making it the most promising intervention.





Conclusion

PRP demonstrates the best clinical application potential in treating thin endometrium, particularly in improving clinical pregnancy rates. Future high-quality RCTs are necessary to further validate and optimize intervention strategies.





Keywords: thin endometrium, endometrial thickness, clinical pregnancy rate, network meta-analysis, treatment





1 Background

In the successful implementation of assisted reproductive technology (ART), high-quality embryos and adequate endometrial receptivity are two indispensable key factors. Endometrial thickness (EMT) serves as an important morphological indicator for assessing endometrial receptivity, and its clinical significance is widely recognized (1). Currently, there is no consensus on the definition of “thin endometrium,” but most studies consider an EMT of less than 7 mm as thin (2). The pathological mechanisms of thin endometrium have not been fully elucidated. Current evidence suggests that they may be attributed to several factors: reduced expression of estrogen receptors in the endometrium; high vascular resistance in the uterine spiral arteries, resulting in slow glandular epithelial growth; low or absent expression of vascular endothelial growth factor (VEGF) and integrin β3; fibrosis and adhesions leading to impaired angiogenesis in the endometrium; downregulation of metabolic and antioxidant gene expression; and polymorphisms in estrogen receptor genes α and β. These pathological changes result in a significant decrease in endometrial receptivity, subsequently affecting the embryo implantation process (3, 4). The study by Von Wolff et al. indicates patients with EMT ≤ 7 mm have a pregnancy rate of only 7.4%, significantly lower than the 30.8% rate for those with EMT > 7 mm (P = 0.03) (5).This research underscores the importance of optimizing endometrial thickness, as an adequate endometrial thickness facilitates successful embryo implantation.

In clinical practice, the management of thin endometrium remains a significant challenge. Currently, no single therapy has been proven to consistently and significantly improve pregnancy outcomes in this patient population. This situation forces many patients to confront the repeated cancellation of embryo transfer cycles or to endure multiple failures of in vitro fertilization and embryo transfer (IVF-ET). Existing treatment strategies primarily encompass the following approaches: Hormonal Therapy: Appropriate supplementation of estrogen (either orally or trans dermally) may be considered; however, its efficacy can vary among individuals, and long-term use may increase the risk of thrombosis. Medications to Improve Endometrial Blood Flow: Agents such as sildenafil (a phosphodiesterase-5 inhibitor), enteric-coated aspirin primarily act by vasodilation to enhance microcirculation within the endometrium, thereby promoting its growth. Platelet-Rich Plasma (PRP) Treatment: Rich in various growth factors, studies suggest that PRP may facilitate endometrial regeneration (6–8). Biologic Therapies: Granulocyte colony-stimulating factor (G-CSF) intrauterine infusion may exert effects by activating endometrial stem cells, although further research is needed to assess its efficacy in patients with severe intrauterine adhesions (9). Physical Therapy: Bioelectric stimulation can improve the condition of the endometrium by modulating local blood flow and neuroendocrine function. Stem Cell Therapy: Preliminary studies indicate that stem cells may repair damaged endometrium via paracrine mechanisms; however, more evidence from well-designed studies is required to validate their efficacy and safety (10, 11). Regarding the selection of treatment protocols, a network meta-analysis conducted by Li et al. compared four commonly used intrauterine infusion regimens. The findings suggest that hCG, along with subcutaneous or intrauterine CSF (SG-CSF), may represent the current optimal choice (12). However, the limitations of this study include a limited number of randomized controlled trials (RCTs) included and insufficient consideration of patient-specific factors affecting treatment efficacy. Therefore, this study aims to incorporate high-quality RCTs of various interventions and employ a network meta-analysis approach to systematically evaluate the relative efficacy of each treatment strategy, with the goal of providing more reliable evidence for accurately tailoring individualized treatment plans.




2 Methods



2.1 Data and methods



2.1.1 Literature search

A comprehensive search of PubMed, The Cochrane Library, EMBASE, CBM, and CNKI was conducted, with a cut-off date of December 31, 2024. Keywords included “thin endometrium” and “randomized controlled trials,” combining subject headings and free-text terms. Studies were limited to English and Chinese languages, and references were traced for additional relevant studies.




2.1.2 Study inclusion criteria

Inclusion criteria: (i) studies involving patients with thin endometrium; (ii) RCTs with complete data; (iii) outcome measures including endometrial thickness or clinical pregnancy rate; (iv) studies published in English or Chinese.

Exclusion criteria: (i) animal experiments or case reports; (ii) studies with missing or unusable data; (iii) duplicate publications.




2.1.3 Study selection and data extraction

Two researchers independently screened the literature, extracted data, and cross-checked analyses. Initial screening involved reading titles and abstracts to exclude studies not meeting inclusion criteria, followed by full-text review for final inclusion determination.

Risk of bias in included studies was assessed using the Cochrane Risk of Bias Tool, evaluating aspects such as selection (random sequence generation and allocation concealment), performance (blinding of participants and personnel), detection (blinding of outcome assessment), attrition (completeness of outcome data), reporting (selective reporting), and other biases. Each criterion was rated as “low risk,” “high risk,” or “unclear.”




2.1.4 Statistical analysis

RevMan 5.4 software was used for bias assessment. Bayesian network meta-analysis was conducted using Stata 17.0, with effect sizes expressed as standard mean differences (SMD) or odds ratios (OR) and 95% credible intervals (CrI) for statistical significance assessment. SUCRA was used to rank treatment efficacy.




2.1.5 Ethical statement

This study only utilized publicly available data, thus ethical approval was not required. The study was registered with PROSPERO, registration number CRD42025637150.






3 Results



3.1 Literature search results

The PRISMA flow diagram clearly outlines the process of literature screening in this systematic review and meta-analysis, adhering to standardized reporting requirements. An initial search yielded 1823 relevant studies. After screening titles, abstracts, and full texts, duplicate and non-qualifying studies were excluded, resulting in the inclusion of 18 rigorously selected studies, ensuring high quality of the included literature. The literature search process and results are depicted in Figure 1.

[image: Flowchart detailing the identification and screening process for new studies from databases, including PubMed, Web of Science, Cochrane Library, and CNKI, totaling 1,823 records. After removing duplicates and irrelevant records, 1,332 records were screened. Out of these, 27 reports were sought, with 18 assessed for eligibility. Nine reports were excluded due to ineligible design or insufficient data. Ultimately, 18 studies were included.]
Figure 1 | Flowchart and results of literature search.




3.2 Characteristics of included studies

Eighteen clinical studies were included, with sample sizes ranging from 28 to 307, totaling 2152 patients. Of these, 1088 participants were randomly assigned to treatment groups, and 1064 to control groups. The studies included 8 on intrauterine PRP infusion (13–20), 4 on intrauterine G-CSF infusion (1, 21–23), 2 on oral aspirin (24, 25), 2 on intramuscular rhGH (26, 27), 1 on oral Ding Kun Dan (28), and 1 on NMES (10), all RCTs. Study characteristics are detailed in Table 1.



Table 1 | General characteristics of included studies.
	Study, year
	Country
	Study design
	Group
	Sample size
	Average age, years
	No of embryo transplanted
	Intervention
	Outcomes



	Bodombossou-Djobo et al.2011 (10)
	China
	RCT
	NMES
	20
	29.75 ± 3.95
	1.85 ± 0.49
	NMES therapy for 3 to 4 times consecutively (qd for 20–30 minutes)
	ET/CPR


	Control
	21
	30.62 ± 4.54
	2.43 ± 0.75
	NO NMES therapy


	Chang Y et al.2019 (13)
	China
	RCT
	PRP
	34
	34.77 ± 0.75
	2.00
	intrauterine perfusion with PRP 0.5-1.0 ml on the 10th day and the day when progesterone
	ET/CPR/EIR


	Control
	30
	32.64 ± 1.70
	2.00
	NO intrauterine perfusion


	Eftekhar M et al.2018 (14)
	Iran
	RCT
	PRP
	40
	31.90 ± 2.26
	2.00± 0.40
	intrauterine perfusion with PRP 0.5-1.0 ml on the 13th day of HRT cycle
	ET/CPR/EIR


	Control
	43
	32.40 ± 2.63
	1.93± 0.61
	NO intrauterine perfusion


	Hsieh, Y Y et al.2000 (24)
	China
	RCT
	Aspirin
	114
	33.10 ± 2.80
	NA
	Received aspirin (100mg/day) from menstrual day 1 through pregnancy test.
	ET/CPR


	Control
	122
	32.4 ± 3.60
	NA
	NO aspirin


	Jin, Fengyu et al.2023 (28)
	China
	RCT
	DKP
	154
	30.7 ± 4.09
	NA
	Received DKP 10.8 g twice a day orally from the fifth day of the menstrual cycle until 14 days after ovulation
	ET/CPR


	Control
	153
	30.90 ± 3.99
	NA
	NO DKP


	Mao, Xiaoyan et al.2020 (21)
	China
	RCT
	G-CSF
	161
	37.79 ± 5.44
	NA
	intrauterine perfusion with G-CSF either completely filled the uterine cavity or up to 5 mL only, whichever was reached first
	ET/CPR/EIR


	Control
	143
	37.03 ± 4.96
	NA
	NO intrauterine perfusion


	Nazari, Leila et al.2019 (15)
	Iran
	RCT
	PRP
	30
	33.90 ± 2.76
	NA
	intrauterine perfusion with PRP 1.0 ml on day 11–12 in intervention
	ET/CPR


	Control
	30
	32.30 ± 4.79
	NA
	NO intrauterine perfusion


	Pandey, Divya et al.2023 (16)
	India
	RCT
	PRP
	59
	29.20 ± 1.89
	NA
	intrauterine perfusion with PRP 1.0 ml on on the day of ovulation trigger
	ET/CPR


	Control
	58
	29.11 ± 1.89
	NA
	NO intrauterine perfusion


	Weckstein, L N et al.1997 (25)
	America
	RCT
	Aspirin
	15
	41.80 ± 3.40
	NA
	Received aspirin (81mg/day) through 9 weeks after ET
	ET/CPR


	Control
	13
	39.40 ± 4.50
	NA
	NO aspirin


	Xu, Bin et al.2015 (22)
	China
	RCT
	G-CSF
	27
	31.40 ± 4.00
	2.00 ± 0.00
	intrauterine perfusion with 300μg of G-CSF
	ET/CPR/EIR


	Control
	52
	32.00 ± 3.90
	2.08 ± 0.33
	NO intrauterine perfusion


	Xue-Mei, Wang et al.2016 (26)
	China
	RCT
	rhGH
	77
	31.30 ± 5.00
	2.70 ± 0.50
	received 4 IU of rhGH daily by subcutaneous injection from day 3 of the menstrual cycle until the day of progesterone injection
	ET/CPR/EBF


	Control
	77
	30.30 ± 4.10
	2.70 ± 0.50
	NO rhGH


	Shu-min, Hu et al.2019
	China
	RCT
	rhGH
	72
	32.50 ± 4.10
	1.80 ± 0.40
	received 5 IU of rhGH daily by subcutaneous injection from day 10 of the menstrual cycle until the day of progesterone injection
	ET/CPR/EBF/CCR/MR


	Control
	66
	32.10 ± 4.50
	1.90 ± 0.30
	NO rhGH


	Miao,Liu et al.2024 (19)
	China
	RCT
	PRP
	60
	31.66 ± 3.14
	2.00(1,2)
	intrauterine perfusion with PRP 1.0 ml on days 9, 11, and 13 of the FET cycle.
	ET/CPR/EBF/MR


	Control
	60
	32.22 ± 3.74
	2.00(1,2)
	NO intrauterine perfusion


	Shao-rong Xu et al.2024 (23)
	China
	RCT
	G-CSF
	51
	33 (29-36)
	NA
	intrauterine perfusion with 150μg of G-CSF
	ET/CPR/EBF


	Control
	32
	32 (29-35)
	NA
	NO intrauterine perfusion


	Abduljabbar, Hassan S et al.2022 (17)
	saudi arabia
	RCT
	PRP
	35
	35.90 ± 4.49
	2.11 ± 0.83
	intrauterine perfusion with PRP 0.5 ml
	ET/CPR


	Control
	35
	34.60 ± 4.26
	2.20 ± 0.80
	NO intrauterine perfusion


	Sarvi, Fatemeh et al.2017 (1)
	Iran
	RCT
	G-CSF
	13
	31.60 ± 3.80
	NA
	intrauterine perfusion with 300μg of G-CSF
	ET/CPR/EIR


	Control
	15
	31.20 ± 3.20
	NA
	NO intrauterine perfusion


	Hui,Cheng et al.2020 (18)
	China
	RCT
	PRP
	46
	31.35 ± 2.36
	2.00 ± 0.73
	intrauterine perfusion with PRP 1.0 ml on on the day 13 of the FET cycle.
	ET/CPR/EIR


	Control
	46
	32.21 ± 2.13
	2.10 ± 0.62
	NO intrauterine perfusion


	Hui-dong,Long et al.2020 (20)
	China
	RCT
	PRP
	80
	35.30 ± 3.75
	1.88 ± 0.33
	intrauterine perfusion with PRP 1.0 ml on on the day 8 of the FET cycle.
	ET/CPR/EIR


	Control
	68
	33.3 ± 4.36
	1.74 ± 0.45
	NO intrauterine perfusion










3.3 Risk of bias assessment

Figure 2 displays the risk of bias assessment results for all studies. The quality of included studies was high in terms of random sequence generation and outcome data completeness, but there was a lack of blinding, attributed to the specificity of treatment interventions.

[image: Bar chart showing risk of bias in various categories. Random sequence generation and allocation concealment have high and unclear risks. Most categories show low risk, primarily in green. The categories include selection, performance, detection, attrition, reporting, and other biases. Legend: green for low risk, yellow for unclear risk, red for high risk.]
Figure 2 | Results of bias risk assessment for all studies.




3.4 Meta-analysis results



3.4.1 Endometrial thickness results

Figure 3 presents the results of the subgroup analysis on the impact of various treatment regimens on endometrial thickness, illustrated in a forest plot format. The heterogeneity analysis indicates significant variability in the subgroups receiving oral aspirin and intrauterine growth hormone. This heterogeneity may stem from the limited number of included studies. Based on these findings, we employed a random-effects model for subsequent analyses to more accurately estimate the overall effect size.

[image: Forest plot showing the effects of various treatments versus control groups. Subgroups include PRP, Aspirin, NSEVS, DKP, G-CSF, and RhGH. Each subgroup lists studies with mean differences and confidence intervals. Diamond shapes indicate overall effects with PRP showing a mean difference of 0.99, Aspirin 1.04, NSEVS 1.15, DKP 0.73, G-CSF 1.22, and RhGH 0.70. Total effect shows a mean difference of 0.96 with heterogeneity statistics and significance levels annotated.]
Figure 3 | Subgroup analysis and heterogeneity assessment of different treatment regimens on endometrial thickness.

The effect estimates (Mean Difference, MD) for the six interventions (Aspirin, DKP, G-CSF, NMES, PRP, rhGH) relative to the control group in improving endometrial thickness are presented with 95% credible intervals (CrI). Aspirin vs. Control: MD = 1.05, 95% CrI = [0.217, 1.85]. DKP vs. Control: MD = 0.73, 95% CrI = [−0.341, 1.81]. G-CSF vs. Control: MD = 1.12, 95% CrI = [0.576, 1.77]. NMES vs. Control: MD = 0.611, 95% CrI = [−0.628, 1.83]. PRP vs. Control: MD = 0.989, 95% CrI = [0.612, 1.36]. rhGH vs. Control: MD = 0.503, 95% CrI = [−0.253, 1.26]. Summary: Aspirin, G-CSF, and PRP showed statistically significant positive effects. DKP, NMES, and rhGH did not show statistically significant effects, as their credible intervals crossed zero, as shown in Figure 4.

[image: Forest plot showing the mean differences with 95% credible intervals for various treatments compared to a control. Treatments include Aspirin, DKP, G_CSF, NMES, PRP, and rhGH. Mean differences are 1.05, 0.73, 1.12, 0.611, 0.989, and 0.503 respectively. The horizontal line ranges from -5 to 5, centered on zero.]
Figure 4 | Meta-analysis results of six interventions compared to control group in improving endometrial thickness.




3.4.2 Clinical pregnancy rate results

Figure 5 displays the results of the subgroup analysis regarding the clinical pregnancy outcomes associated with different treatment approaches. The heterogeneity analysis reveals low variability among the studies. Given the low level of heterogeneity detected, we ultimately opted for a fixed-effects model for the analysis.

[image: Forest plot showing odds ratios from various studies comparing treatments to controls. Subgroup analyses include PRP, Aspirin, NMES, DKP, CSS, and rGH. Each subgroup's odds ratio and confidence interval are displayed with black diamonds. Studies like "Hsieh, Y Y et al. 2004" have different odds ratios, showing variation across interventions. Overall pooled effect summarizes at the bottom as 2.28 with 95% confidence interval of 1.84 to 2.82. Homogeneity tests are shown, indicating statistical consistency among studies.]
Figure 5 | Subgroup analysis and heterogeneity evaluation of various treatment approaches on clinical pregnancy outcomes.

The odds ratios (OR) for the six interventions (Aspirin, DKP, G-CSF, NMES, PRP, rhGH) relative to the control group in improving clinical pregnancy rates are presented with 95% credible intervals (CrI). Aspirin vs. Control: OR = 2.51, 95% CrI = [1.17, 6.09]. DKP vs. Control: OR = 2.27, 95% CrI = [1.02, 5.06]. G-CSF vs. Control: OR = 2.06, 95% CrI = [1.15, 3.53]. NMES vs. Control: OR = 1.39, 95% CrI = [0.350, 5.66]. PRP vs. Control: OR = 2.77, 95% CrI = [1.86, 4.32]. rhGH vs. Control: OR = 1.62, 95% CrI = [0.813, 3.15]. Summary: Interventions with significant effects included Aspirin, DKP, G-CSF, and PRP, as their credible intervals did not cross one. NMES and rhGH did not show significant effects, as shown in Figure 6.

[image: Forest plot comparing the odds ratios of different treatments to a control: Aspirin (2.51), DKP (2.27), G_CSF (2.06), NMES (1.39), PRP (2.77), rhGH (1.62). Horizontal lines represent 95% credible intervals. The vertical line at 1 indicates no effect.]
Figure 6 | Meta-analysis results of six interventions compared to control group in increasing clinical pregnancy rate.




3.4.3 Network evidence of different interventions

Both network diagrams show the same structure, with Control as the central node directly compared to all interventions. Figure 7A emphasizes the number of direct comparisons, while Figure 7B highlights the weight of sample sizes and direct evidence. The strongest direct evidence exists between PRP and Control (most studies and largest sample size), leading to more reliable conclusions about PRP’s effectiveness. NMES and DKP have the weakest direct evidence (few studies and small sample sizes), making their results potentially unstable and reliant on indirect evidence credibility. As no closed loops were formed between studies, consistency analysis was not conducted, as shown in Figure 7.

[image: Panel A shows a network plot with Control at the center, connecting to rhGH, G CSF, NMES, DKP, and PRP, with varying link widths and numbers. Panel B highlights Control with larger nodes, connected to DKP, G CSF, NMES, rhGH, PRP, and Aspirin.]
Figure 7 | Network evidence for different interventions.




3.4.4 Network meta-analysis results

Rows and columns represent different treatment strategies, including Aspirin, Control (placebo), DKP, G-CSF, NMES, PRP, and rhGH. Each cell displays the comparison results between the row and column strategies. Lower left area: comparisons for endometrial thickness. Upper right area: comparisons for clinical pregnancy rate.

Regarding endometrial thickness: Aspirin was significantly better than Control (MD = 0.9, 95% CrI = [0.4, 1.5]), DKP (MD = 1.0, 95% CrI = [0.5, 1.6]), and NMES (MD = 1.2, 95% CrI = [0.6, 1.8]). There was no significant difference between Aspirin and PRP (MD = −0.1, 95% CrI = [−0.6, 0.5]). PRP was significantly better than Control (MD = 1.0, 95% CrI = [0.4, 1.6]) and NMES (MD = 1.2, 95% CrI = [0.6, 1.9]). No significant differences were found between PRP and Aspirin or rhGH. rhGH was significantly better than Control (MD = 1.0, 95% CrI = [0.2, 1.7]) and NMES (MD = 1.3, 95% CrI = [0.5, 2.1]). No significant differences were found between rhGH and Aspirin or PRP.

Regarding clinical pregnancy rate: PRP was significantly better than Control (OR = 2.2, 95% CrI = [1.2, 4.0]), DKP (OR = 2.4, 95% CrI = [1.3, 4.4]), and NMES (OR = 2.9, 95% CrI = [1.5, 5.8]). There was no significant difference between PRP and rhGH (OR = 1.3, 95% CrI = [0.7, 2.6]). rhGH was significantly better than Control (OR = 2.0, 95% CrI = [1.0, 3.9]) and NMES (OR = 2.6, 95% CrI = [1.3, 5.4]). No significant differences were found between rhGH and PRP, Aspirin, or G-CSF. Control was significantly inferior to PRP and rhGH. See Table 2.


Table 2 | Pairwise direct meta-analysis results of study comparisons.
	Aspirin
	0.4 (0.16, 0.85)
	0.9 (0.27, 2.73)
	0.82 (0.28, 2.08)
	0.55 (0.1, 2.91)
	1.1 (0.43, 2.7)
	0.64 (0.2, 1.76)


	1.05 (0.22, 1.86)
	Control
	2.27 (1.02, 5.05)
	2.06 (1.15, 3.53)
	1.39 (0.32, 5.66)
	2.77 (1.86, 4.32)
	1.62 (0.81, 3.15)


	0.32 (-1.04, 1.65)
	-0.72 (-1.8, 0.35)
	DKP
	0.92 (0.33, 2.35)
	0.62 (0.12, 3.04)
	1.22 (0.5, 3.11)
	0.72 (0.25, 2)


	-0.08 (-1.18, 0.88)
	-1.13 (-1.79, -0.58)
	-0.4 (-1.69, 0.77)
	G_CSF
	0.68 (0.14, 3.1)
	1.34 (0.68, 2.81)
	0.79 (0.33, 1.85)


	0.44 (-1.06, 1.93)
	-0.61 (-1.85, 0.63)
	0.12 (-1.53, 1.76)
	0.53 (-0.81, 1.95)
	NMES
	1.98 (0.46, 9.46)
	1.17 (0.25, 5.62)


	0.06 (-0.85, 0.94)
	-0.99 (-1.37, -0.62)
	-0.26 (-1.39, 0.87)
	0.14 (-0.52, 0.9)
	-0.38 (-1.68, 0.91)
	PRP
	0.59 (0.25, 1.25)


	0.55 (-0.57, 1.65)
	-0.5 (-1.25, 0.25)
	0.22 (-1.08, 1.54)
	0.63 (-0.28, 1.67)
	0.11 (-1.34, 1.57)
	0.49 (-0.35, 1.34)
	rhGH





Lower left: endometrial thickness data; upper right: clinical pregnancy rate data; numbers in cells indicate comparisons between corresponding row and column treatment strategies.PRP, Platelet-Rich Plasma; G-CSF, Granulocyte colony-stimulating factor; DKP, Ding Kun Dan; rhGH, recombinant human growth hormone.






3.4.5 SUCRA analysis

The SUCRA plots (Surface Under the Cumulative Ranking Curve) compare the relative ranking probability distribution of multiple interventions for a particular outcome. A curve closer to the top-left corner indicates a higher overall ranking for that intervention in the outcome measure. Figure 8A shows endometrial thickness: G-CSF’s curve is notably closer to the top-left corner, indicating it is the best-ranked intervention. Aspirin and PRP also have high SUCRA values and rank as the next best. SUCRA ranking for interventions: G-CSF > Aspirin > PRP > DKP > NMES > rhGH > Control. Figure 8B shows clinical pregnancy rate: PRP’s curve is closest to the top-left corner, indicating it is the best-ranked intervention. Aspirin and DKP also have high SUCRA values and rank as the next best. SUCRA ranking for interventions: PRP > Aspirin > DKP > G-CSF > rhGH > NMES > Control. Summary: PRP shows significant advantages in both outcome measures, suggesting it as a comprehensive and effective intervention to be prioritized in clinical practice for treating thin endometrium.

[image: Two cumulative probability plots labeled A and B show SUCRA percentages against ranks for different treatments. Both plots display lines in shades from green to red. Plot A ranks G CSF highest, followed by Aspirin, PRP, DKP, NMES, rhGH, and Control. Plot B ranks PRP highest, followed by Aspirin, DKP, G CSF, rhGH, NMES, and Control, using a color gradient from green (100%) to red (0%).]
Figure 8 | SUCRA probability ranking plot.




3.4.6 Publication bias

As shown in the Figure 9, the effect sizes and standard errors of the studies are symmetrically distributed, suggesting minimal publication bias or other forms of systematic bias.

[image: Funnel plot showing standard error of log odds ratio on the vertical axis against log odds ratio on the horizontal axis. Data points are scattered, with a red vertical line at zero and black dashed lines forming a funnel shape, illustrating effect size and study precision.]
Figure 9 | Publication bias plot.





3.5 Discussion

This study incorporated 18 randomized controlled trials (RCTs) that met the inclusion criteria, involving a total of 2,152 participants. While the cumulative probability plots indicated that granulocyte colony-stimulating factor (G-CSF) had a higher SUCRA value for improving endometrial thickness, ranking the interventions as G-CSF > Aspirin > Platelet-Rich Plasma (PRP), direct meta-analysis revealed no significant difference between PRP and Aspirin in terms of enhancing endometrial thickness. However, in direct comparisons and cumulative probability plots for improving clinical pregnancy rates, PRP significantly outperformed other interventions. Thus, although G-CSF may hold an advantage in enhancing endometrial thickness, PRP demonstrates superior efficacy in both improving endometrial thickness and increasing clinical pregnancy rates, suggesting it may be the optimal treatment for patients with thin endometrium.

Despite the variety of treatment options available for thin endometrium, each method has its advantages and disadvantages, and their efficacy can vary significantly. Estrogen primarily acts by activating estrogen receptor pathways, inducing the transformation of endometrial epithelial cells and promoting the mitosis of both endometrial and stromal cells, thereby facilitating the repair of the endometrium. However, the effects of estrogen can differ among individuals, and long-term use may increase the risks of endometrial hyperplasia, thrombosis, and breast cancer (29). Additionally, high doses of estrogen may lead to increased secretion of inflammatory and adhesion factors in the endometrium, which can cause stromal fibrosis and ultimately hinder the repair of the endometrium. Aspirin, as a cyclooxygenase (COX) inhibitor, exerts its effects by inhibiting the synthesis of thromboxane A2, thereby promoting the release of prostacyclin 2 from endothelial cells. This mechanism results in vasodilation, reduced platelet aggregation, and decreased vascular resistance, leading to improved endometrial thickness (EMT) and microcirculation, which enhances endometrial receptivity. However, studies have indicated that COX-2 plays a crucial role in regulating the implantation window of the endometrium and the process of embryo implantation, and the use of aspirin may inhibit COX-2 synthesis, potentially affecting successful embryo implantation (30). Stem cell therapy, which involves primitive undifferentiated cells with self-renewal and differentiation potential, has shown promise in effectively promoting the regeneration and proliferation of the endometrium. Its mechanisms of action primarily include inducing cell differentiation and immune modulation. However, the complexity involved in obtaining and preparing stem cells, along with stringent ethical regulations, poses significant challenges to their clinical application (31, 32). Although granulocyte-colony stimulating factor (G-CSF) has demonstrated some efficacy in clinical treatments, the quality of existing research regarding the dosing and safety of G-CSF is relatively low. Therefore, there is an urgent need for further exploration of optimal dosing regimens and potential risks associated with its use (33, 34).

Platelet-rich plasma (PRP) is a biologic derived from centrifuged autologous peripheral venous blood, rich in platelets and associated cytokines (35). PRP contains 4 to 8 times the platelet concentration found in whole blood and releases various growth factors and cytokines upon activation, including platelet-derived growth factor, transforming growth factor-beta, insulin-like growth factor, epidermal growth factor, fibroblast growth factor, and vascular endothelial growth factor. These autologous growth factors and cytokines promote cell proliferation, differentiation, chemotaxis, and angiogenesis (36–38). During platelet formation, platelets accumulate numerous molecules from the culture medium through endocytosis, including lipid mediators like sphingosine-1-phosphate (SPP), phosphatidic acid, and lysophosphatidic acid, which exhibit anti-apoptotic effects on endothelial cells, participate in chemotaxis, and promote capillary formation. Sphingosine acts as a ligand for endothelial differentiation gene (EDG) receptors, playing a crucial role in angiogenesis, while overexpression of vascular endothelial growth factor receptor 2 sensitizes endothelial cells to vascular endothelial growth factor, initiating angiogenic processes (39, 40). Additionally, PRP can function as an immunomodulator to mitigate immune responses and reduce the release of pro-inflammatory factors such as IL-6, IL-1β, and IL-8 within the endometrium, thereby attracting macrophages and neutrophils (41). Consequently, PRP may enhance endometrial receptivity by modulating the cellular immune microenvironment. In 2015, Chang et al. first applied intrauterine infusion of PRP in frozen embryo transfer (FET) cycles, improving the endometrial conditions of patients with thin endometrium and facilitating successful clinical pregnancies (42). In recent years, studies on PRP treatment for thin endometrium have surged. For instance, Einfeldt et al. conducted a randomized trial showing that PRP injection significantly increased endometrial thickness and local microcirculation, enhancing cell proliferation and angiogenesis to support embryo implantation (43). Additionally, a double-blind randomized study demonstrated higher chemical and clinical pregnancy rates in the PRP group compared to controls, indicating significant efficacy in patients with refractory thin endometrium (15). While PRP improves uterine conditions and pregnancy rates, positioning itself as a new strategy in assisted reproductive technology (ART), it faces clinical application challenges: (i) PRP preparation lacks standardization, and its mechanism of action, optimal concentration, activity, and treatment regimen for different conditions remain unclear; (ii) the relatively low concentration of growth factors necessitates repeated treatments. Further basic research and large-scale, multicenter RCTs are required to validate the long-term efficacy of PRP in ART.





4 Study limitations

This study has several limitations: (i)This analysis was restricted to randomized controlled trials (RCTs) published in English or Chinese, and certain treatment options (e.g., Ding Kun Dan and neuromuscular electrical stimulation) had only one eligible study each, which may introduce selection bias and compromise the accuracy and reliability of the findings; (ii)Although data from multiple countries were included, the majority originated from China, potentially limiting the generalizability of the results due to regional variations in patient demographics and clinical practices; (iii) Some of the included studies did not adequately implement randomization or blinding procedures, which may affect the internal validity and robustness of the pooled results.




5 Conclusions

In conclusion, the network meta-analysis of the included studies indicates that PRP is the most effective among common treatments for thin endometrium in enhancing endometrial thickness and improving clinical pregnancy rates. However, further high-quality research is needed to substantiate this finding. In clinical practice, we advise careful consideration of these results, with treatment selection based on specific clinical contexts.
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Objective

This study aims to evaluate the association between mean arterial pressure (MAP) and anthropometric, metabolic, and endocrine parameters in Chinese infertile women with polycystic ovary syndrome (PCOS).





Methods

A total of 1,000 PCOS subjects were enrolled in the clinical trial project of Acupuncture and Clomiphene in the treatment of PCOS infertility patients (PCOSAct). Of these, 998 patients were selected for this study. Linear trends and regression analyses were conducted to evaluate the association between MAP and anthropometric, metabolic, and endocrine parameters. Logistic regression was employed to estimate the association between MAP and risk of insulin resistance (IR), nonalcoholic fatty liver disease (NAFLD) and hyperlipidemia. The receiver operating characteristics (ROC) curve was used to determine the predictive value of the MAP for IR, NAFLD and hyperlipidemia.





Results

Linear trends revealed that the MAP was positively associated with age, height, body weight, body mass index (BMI), waist circumference (WC), hip circumference (HC), waist-to-hip ratio (WHR), systolic blood pressure (SBP) and diastolic blood pressure (DBP), hirsutism score, and acanthosis nigricans score, fasting blood glucose (FBG), fasting insulin (FINS), the homeostatic model assessment for insulin resistance (HOMA-IR), low-density lipoprotein (LDL), triglycerides (TG), total cholesterol (TC), apolipoprotein B (ApoB), ApoB/apolipoprotein A1 (ApoA1) ratio, total testosterone (TT), and free androgen index (FAI), as well as the prevalence of IR, metabolic syndrome (MetS), NAFLD, and hyperlipidemia. Conversely, MAP was negatively correlated with the quantitative insulin sensitivity check index (QUICKI), high-density lipoprotein (HDL), sex hormone-binding globulin (SHBG), luteinizing hormone (LH), the LH/follicle stimulating hormone (FSH) ratio, and anti-Müllerian hormone (AMH). After adjusting for age and BMI, a significant linear relationship was observed between MAP and WC, WHR, hirsutism score, FBG, LDL, TG, TC, ApoB, and ApoB/ApoA1 ratio. Logistic regression analysis demonstrated that participants in the highest quartile (Q4) of MAP had no significantly higher odds ratios (OR) for IR, NAFLD and hyperlipidemia after adjusting for confounding factors. The ROC curve analysis indicated that the AUCIR was 0.593 (95%CI: 0.557 ~ 0.629), with 85.9% sensitivity and 28.8% specificity at a cut-off value of 82.83, and the AUCNAFLD was 0.621 (95%CI: 0.554 ~ 0.687), with 69.4% sensitivity and 53.5% specificity at a cut-off value of 87.17, and the AUChyperlipidemia was 0.555 (95% CI: 0.518 ~ 0.592), with 39.5% sensitivity and 70.00% specificity at a cut-off value of 90.83.





Conclusion

Elevated MAP is associated with dysregulation of glucose and lipid metabolism and alterations in endocrine hormone levels. It may thus serve as a promising screening approach for IR-related conditions in patients with PCOS.





Keywords: polycystic ovary syndrome, mean arterial pressure, insulin resistance, metabolic syndrome, hyperandrogenism




1 Introduction

Polycystic ovary syndrome (PCOS), a prevalent endocrine disorder affecting 5%–18% of reproductive-aged women (1), manifests through heterogeneous clinical features including hyperandrogenism (HA), insulin resistance (IR), menstrual irregularities, oligo-ovulation or anovulation, and infertility. This condition carries significant metabolic sequelae, notably heightened risks of early-onset type 2 diabetes mellitus (T2DM), pregnancy complications, cardiovascular disease (CVD), and endometrial cancer (2–4). Concurrently, PCOS is associated with psychological comorbidities—encompassing anxiety, depression, and body image disturbances—that collectively impair health-related quality of life across the lifespan (1, 4, 5).

Importantly, age and body mass index (BMI) matched women with PCOS demonstrate elevated systolic (SBP) and diastolic blood pressure (DBP) alongside increased hypertension prevalence compared to normal-weight controls (6), suggesting blood pressure dysregulation may contribute to PCOS pathophysiology. Although current guidelines recommend SBP/DBP assessment (7), emerging evidence positions mean arterial pressure (MAP)—reflecting integrated cardiac output and peripheral resistance during the cardiac cycle (8) —as a superior predictor of cerebrovascular damage and hemodynamic alterations (9, 10). This clinical relevance is underscored by prospective data indicating each 13-mmHg MAP elevation augments major cardiovascular events by 13% in T2DM cohorts (11), implying MAP may offer enhanced CVD risk stratification in PCOS beyond conventional metrics.

Pathophysiological links between PCOS and hemodynamics are further evidenced by correlations of free androgen index (FAI), total testosterone (TT), and sex hormone-binding globulin (SHBG) with blood pressure parameters (SBP/DBP) (12). Proposed mechanisms include α1-adrenergic desensitization and impaired renal artery reactivity, potentially disrupting renin-angiotensin-aldosterone system (RAAS) regulation (13) and establishing a vicious cycle wherein androgen excess directly modulates vascular tone while blood pressure dysregulation exacerbates RAAS-mediated metabolic dysfunction (14). Despite these insights, blood pressure profiling in PCOS remains underexplored, with most MAP studies focused on general CVD populations. To address this gap, we leveraged data from 1,000 PCOS patients in the Acupuncture and Clomiphene for Chinese Women with Polycystic Ovary Syndrome trial (PCOSAct): 1) compare baseline characteristics across MAP strata; and 2) evaluate MAP’s predictive value for IR, non-alcoholic fatty liver disease (NAFLD), and hyperlipidemia in this population.




2 Materials and methods



2.1 Design and target population

This secondary analysis utilized data from the PCOSAct trial (ClinicalTrials.gov: NCT01573858), conducted across mainland China (2011–2015). The parent study primarily assessed the efficacy of acupuncture versus clomiphene citrate on live birth rates in infertile PCOS patients. Participants comprised 1,000 women meeting modified Rotterdam criteria for PCOS diagnosis and literatures (15, 16), defined as ≥ 2 of the following: (a) oligo- or anovulation; (b) clinical/biochemical HA (hirsutism: modified Ferriman-Gallwey score in Chinese ≥ 5) (17, 18); (c) polycystic ovaries (≥ 12 antral follicles [2–9 mm] or ovarian volume ≥ 10 cm³). Diagnoses excluded alternate HA etiologies (congenital adrenal hyperplasia, Cushing’s syndrome, androgen-secreting tumors). Comprehensive methodological details—including design, eligibility criteria, and primary outcomes—are documented in prior publications (19, 20). Ethical approval was granted by the First Affiliated Hospital of Heilongjiang University of Chinese Medicine Ethics Committee (No. 2010HZYLL-010).





2.2 Data collection



2.2.1 Anthropometric measurements

Data collected at baseline enrollment visits comprised the following: age (years), height (m), BMI = weight [kg]/height² [m²] and categorized as follows: underweight/normal weight: BMI < 24.0 kg/m²; overweight: BMI 24.0 to < 28.0 kg/m²; and obesity: BMI ≥ 28.0 kg/m² (21), waist circumference (cm), hip circumference (cm), waist-to-hip ratio (WHR = waist [cm]/hip [cm]), SBP (mmHg), DBP (mmHg), MAP = DBP + (SBP - DBP)/3 (22), hirsutism score (using the modified Ferriman-Gallwey score), acne score (using a standard acne lesion count diagram and definitions), and acanthosis nigricans score (identified by the presence of dark, thick, velvety, pigmented skin of the neck).




2.2.2 Biochemical parameters

Following a 12-hour overnight fast on menstrual cycle day 3, venous blood samples were obtained during baseline visits and analyzed at the Heilongjiang University of Chinese Medicine core laboratory. Biochemical parameters were quantified using standardized methodologies: fasting blood glucose (FBG, mmol/L; hexokinase method, Maker Biotechnology, China) and fasting insulin (FINS, pmol/L; electrochemiluminescence immunoassay [ECLIA], Roche Diagnostics, Switzerland); lipid profiles including triglycerides (TG, mmol/L) and total cholesterol (TC, mmol/L; enzymatic colorimetry, Wako Diagnostics, Japan), HDL and LDL (mmol/L; direct assays), apolipoproteins A1 (ApoA1) and ApoB (g/L; polyethylene glycol-enhanced immunoturbidimetry, Maker Biotechnology, China); and reproductive hormones: total testosterone (TT, nmol/L) and SHBG (nmol/L; chemiluminescent immunoassays, Siemens Healthineers, Germany), free testosterone (FT, pg/mL; radioimmunoassay), luteinizing hormone (LH, mIU/mL), follicle-stimulating hormone (FSH, mIU/mL), estradiol (E2, pmol/L), and anti-Müllerian hormone (AMH, ng/mL) [ECLIA, Roche Cobas 6000-E601]. Additionally, IR was assessed using the homeostasis model assessment (HOMA-IR) calculated as: HOMA-IR = FINS (mIU/mL) × FBG (mmol/L)/22.5. IR was defined by a HOMA-IR value of ≥ 2.69 (23). Insulin sensitivity was evaluated via the quantitative insulin sensitivity check index (QUICKI): QUICKI = 1/[log (FINS, μU/mL) + log (FBG, mg/dL)]. FAI was calculated as: FAI = TT (nmol/L)/SHBG (nmol/L) ×100. NAFLD was determined according to prior physical examinations, with no additional specific assessments performed in this study.

HA was defined as a TT level ≥ 1.67 nmol/L (24). MetS was diagnosed per Chinese female criteria requiring ≥3 components: WC ≥ 85 cm; SBP ≥ 130 mmHg and/or DBP ≥ 85 mmHg; TG ≥ 1.7 mmol/L; HDL < 1.04 mmol/L; FBG ≥ 6.1 mmol/L (25). Hyperlipidemia was defined according to Chinese guidelines as serum TC ≥ 6.22 mmol/L, triglycerides ≥ 2.26 mmol/L, HDL-C < 1.04 mmol/L, or LDL-C ≥ 4.14 mmol/L (26).





2.3 Statistical analyses

Statistical analyses were performed using IBM SPSS Statistics (Inc., Chicago, IL, USA version 26.0). Continuous variables are presented as mean ± standard (SD) deviation and categorical variables as frequency (percentage). For continuous variables that follow a normal distribution, analysis of variance (ANOVA) is employed to determine group differences. When continuous variables violate normality, the Kruskal-Wallis H test is utilized to assess group differences. Categorical variables are evaluated for group differences using the χ² test. Linear regression was used to establish the correlations between the MAP and the characteristics of anthropometric and biochemical parameters. Multivariable logistic regression analysis was utilized to calculate the odds ratio (OR) with 95% confidence interval (CI) for the associations between the MAP and IR, NAFLD, or hyperlipidemia status (dependent variables, modeled separately). Receiver operating characteristic (ROC) curve analysis evaluated MAP’s predictive capacity for IR, NAFLD and hyperlipidemia, with area under the curve (AUC) quantification. Optimal MAP thresholds were derived by maximizing the Youden index (sensitivity + specificity - 1). Statistical significance was defined as P < 0.05.





3 Results

This study included 998 patients with complete blood pressure data, constituting the analysis cohort (Figure 1). Participants were categorized into four groups based on MAP using the quartile method: Q1 (≤ 83.33 mmHg, n = 232), Q2 (83.34 - 86.67 mmHg, n = 282), Q3 (86.68- 93.33 mmHg, n = 187), and Q4 (≥ 93.34 mmHg, n = 297).

[image: Flowchart showing participant selection for analysis. It begins with 1,000 participants in the baseline survey, with 2 excluded due to missing data on systolic or diastolic blood pressure. A total of 998 participants are included in the analysis.]
Figure 1 | Flowchart of the study population.



3.1 The baseline characteristics of the participants across the quartiles of MAP

As shown in Table 1, anthropometric indicators significantly increased across the MAP quartiles, including age, height, weight, BMI, WC, HC, WHR, SBP, DBP, hirsutism score and acanthosis nigricans score (P-trend < 0.05 for all). Specifically, the proportions of overweight and obesity increased across ascending MAP quartiles, while the proportion of underweight/normal weight decreased (P-trend < 0.05 for all). Regarding glucose and lipid metabolism, rising trends were observed for FBG, FINS, HOMA-IR, LDL, TG, TC, ApoB and ApoB/ApoA1ratio across the MAP quartiles (P-trend < 0.001 for all), while declining trends were noted for QUICKI and HDL (P-trend < 0.001 for all). In terms of biochemical indicators, TT, FAI, LH, LH/FSH ratio and AMH were increased (P-trend < 0.05 for all) and SHBG was decreased (P-trend < 0.001). The incidence of IR, MetS, NAFLD and hyperlipidemia exhibited a pronounced stepwise increase with ascending MAP quartiles (P-trend < 0.01 for all). However, there is no obvious linear trend relationship between MAP and acne score, ApoA1, FT, FSH and E2 (P-trend > 0.05 for all).


Table 1 | Comprehensive clinical and biochemical characteristics of the included PCOS participants according to quartile of MAP.
	Variables
	Q1 (n=232)
	Q2 (n=282)
	Q3 (n=187)
	Q4 (n=297)
	P-value
	P for trend



	Anthropometric parameters


	Age, year, mean (SD)
	27.55 (3.18)
	28.01 (3.25)
	27.56 (3.39)
	28.35 (3.44)
	0.017
	0.014


	Height, cm, mean (SD)
	160.16 (5.15)
	161.2 (5.11)
	161.13 (4.76)
	162.16 (5.06)
	<0.001
	<0.001


	Weight, kg, mean (SD)
	57.8 (9.98)
	62.76 (11.26)
	62.49 (12.28)
	68.12 (13.41)
	<0.001
	<0.001


	BMI, kg/m2, mean (SD)
	22.52 (3.66)
	24.11 (3.85)
	23.97 (4.06)
	25.85 (4.62)
	<0.001
	<0.001


	Normal weight, n (%)
	162 (69.83)
	155 (54.96)
	97 (51.87)
	115 (38.72)
	<0.001
	<0.001


	Overweight, n (%)
	55 (23.71)
	79 (28.01)
	60 (32.09)
	99 (33.33)
	0.080
	0.011


	Obesity, n (%)
	15 (6.47)
	48 (17.02)
	30 (16.04)
	83 (27.95)
	<0.001
	<0.001


	WC, cm, mean (SD)
	80.96 (10.66)
	84.55 (10.53)
	85.22 (10.95)
	89.89 (11.75)
	<0.001
	<0.001


	HC, cm, mean (SD)
	95.65 (7.52)
	98.25 (8.33)
	97.89 (8.96)
	101.19 (8.72)
	<0.001
	<0.001


	WHR, mean (SD)
	0.84 (0.07)
	0.86 (0.07)
	0.87 (0.07)
	0.89 (0.07)
	<0.001
	<0.001


	SBP, mmHg, mean (SD)
	101.22 (6.68)
	110.38 (4.27)
	114.99 (6.08)
	121.08 (6.42)
	<0.001
	<0.001


	DBP, mmHg, mean (SD)
	65.9 (4.63)
	71.37 (2.75)
	77.55 (2.83)
	83.48 (5.21)
	<0.001
	<0.001


	Hirsutism score, mean (SD)
	2.61 (2.54)
	2.6 (2.63)
	3.18 (2.95)
	3.69 (2.94)
	<0.001
	<0.001


	Acne score, mean (SD)
	0.51 (0.79)
	0.41 (0.77)
	0.37 (0.68)
	0.46 (0.77)
	0.251
	0.491


	Acanthosis nigricans score, mean (SD)
	1.12 (0.36)
	1.18 (0.44)
	1.21 (0.48)
	1.31 (0.56)
	<0.001
	<0.001


	Biochemical parameters


	FBG, mmol/L, mean (SD)
	4.86 (0.82)
	5.02 (0.8)
	4.98 (1.02)
	5.25 (1.18)
	<0.001
	<0.001


	FINS, pmol/L, mean (SD)
	77.38 (85.48)
	94.62 (86.13)
	95.51 (81.46)
	112.43 (93.99)
	<0.001
	<0.001


	HOMA-IR, mean (SD)
	2.58 (3.79)
	3.17 (3.46)
	3.14 (2.90)
	3.98 (3.97)
	<0.001
	<0.001


	QUICKI, mean (SD)
	0.35 (0.04)
	0.34 (0.04)
	0.34 (0.05)
	0.33 (0.05)
	<0.001
	<0.001


	HDL, mmol/L, mean (SD)
	1.34 (0.37)
	1.26 (0.34)
	1.31 (0.43)
	1.22 (0.35)
	0.001
	<0.001


	LDL, mmol/L, mean (SD)
	2.77 (0.79)
	2.95 (0.86)
	2.97 (1.03)
	3.14 (0.82)
	<0.001
	<0.001


	TG, mmol/L, mean (SD)
	1.43 (0.86)
	1.47 (0.8)
	1.63 (1.06)
	1.74 (0.92)
	<0.001
	<0.001


	TC, mmol/L, mean (SD)
	4.53 (0.99)
	4.71 (1.07)
	4.74 (1.29)
	4.94 (1.01)
	<0.001
	<0.001


	ApoA1, g/L, mean (SD)
	1.52 (0.31)
	1.5 (0.32)
	1.51 (0.33)
	1.5 (0.31)
	0.893
	0.525


	ApoB, g/L, mean (SD)
	0.81 (0.26)
	0.9 (0.28)
	0.89 (0.32)
	0.98 (0.27)
	<0.001
	<0.001


	ApoB/ApoA1ratio, mean (SD)
	0.55 (0.18)
	0.62 (0.20)
	0.62 (0.21)
	0.67 (0.20)
	<0.001
	<0.001


	TT, nmol/L, mean (SD)
	1.65 (0.61)
	1.6 (0.64)
	1.62 (0.62)
	1.77 (0.68)
	0.007
	0.020


	FT, pg/ml, mean (SD)
	2.26 (0.86)
	2.33 (0.84)
	2.14 (0.83)
	2.37 (0.82)
	0.026
	0.312


	SHBG, nmol/L, mean (SD)
	46.75 (30.14)
	42.46 (26.7)
	45.54 (34.74)
	37.68 (30.67)
	0.004
	<0.001


	FAI, mean (SD)
	5.17 (4.18)
	5.2 (3.68)
	5.56 (4.39)
	7.2 (4.99)
	<0.001
	<0.001


	LH, mIU/mL, mean (SD)
	12.02 (6.66)
	9.67 (5.32)
	10.28 (5.58)
	10.23 (5.9)
	0.001
	0.018


	FSH, mIU/mL, mean (SD)
	6.18 (1.67)
	5.99 (1.78)
	6.21 (1.71)
	6.05 (1.5)
	0.426
	0.302


	LH/FSH ratio, mean (SD)
	2.07 (1.57)
	1.66 (0.95)
	1.7 (0.92)
	1.72 (0.96)
	0.001
	0.017


	E2, pmol/L, mean (SD)
	296.45 (372.62)
	275.62 (377.83)
	250.04 (185.26)
	255.79 (271.21)
	0.409
	0.123


	AMH, ng/mL, mean (SD)
	13.09 (6.33)
	11.56 (6.36)
	11.82 (5.82)
	11.65 (6.65)
	0.028
	0.014


	The incidence of IR, MetS, NAFLD and hyperlipidemia


	IR, n (%)
	60 (27.40)
	118 (44.03)
	77 (43.26)
	148 (52.30)
	<0.001
	<0.001


	MetS, n (%)
	11 (4.93)
	25 (9.29)
	23 (12.99)
	90 (31.69)
	<0.001
	<0.001


	NAFLD, n (%)
	10 (4.31)
	12 (4.26)
	17 (9.09)
	33 (11.11)
	0.002
	<0.001


	Hyperlipidemia, n (%)
	80 (35.71)
	111 (41.42)
	75 (42.13)
	142 (50.00)
	0.013
	0.001





BMI, body mass index; WC, waist circumference; HC, hip circumference; WHR, waist-to-hip ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure; FBG, fasting blood glucose; FINS, fasting insulin; HOMA-IR, homeostatic model assessment-insulin resistance; QUICKI, quantitative insulin sensitivity check index; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TG, triglycerides; TC, total cholesterol; ApoA1, apolipoprotein A1; ApoB, apolipoprotein B; TT, total testosterone; FT, free testosterone; SHBG, sex hormone-binding globulin; FAI, free androgen index; LH, luteinizing hormone; FSH, follicle-stimulating hormone; E2, estradiol; AMH, anti-Müllerian hormone; IR, insulin resistance; MetS, metabolic syndrome; NAFLD, non-alcoholic fatty liver disease.



Participants were stratified into four phenotypes based on IR and HA: Group A (with IR and HA, n = 224), Group B (with IR and without HA, n = 250), Group C (with HA and without IR, n = 213), Group D (without IR and HA, n = 262). Significant differences were observed across phenotypes in anthropometric indicators, metabolic profiles, endocrine parameters, and prevalence rates of MetS, NAFLD, and hyperlipidemia. Furthermore, across phenotypic subgroups, increasing quartiles of MAP were associated with progressive changes in anthropometric indicators, metabolic profiles, and endocrine parameters. The results are presented in Supplementary Table S1 and Supplementary Table S2.




3.2 Linear regression analysis between the MAP and the clinical and biochemical characteristics of the PCOS patients

In patients with PCOS, there was a significant positive correlation between MAP and year, BMI, WC, HC, WHR, hirsutism score, acanthosis nigricans score, FBG, FINS, HOMA-IR, LDL, TG, TC, ApoB, ApoB/ApoA1 ratio, and FAI (P < 0.01 for all), while there was a significant inverse relationship between MAP and QUICKI, HDL, SHBG, LH, and LH/FSH ratio (P < 0.05 for all). After adjusting for age and BMI, the associations between MAP and the following parameters were notably attenuated, including HC, acanthosis nigricans score, FINS, HOMA-IR, QUICKI, HDL, TT, SHBG, FAI, LH, LH/FSH ratio, and AMH (as shown in Table 2).


Table 2 | Linear associations between the MAP and clinical and biochemical parameters.
	Variables
	Crude
	Adjusteda


	β
	P
	95% CI
	β
	P
	95% CI



	Age (year)
	0.08
	0.009
	1.31~9.24
	–
	–
	–


	BMI (kg/m2)
	0.29
	<0.001
	10.49~15.80
	–
	–
	–


	WC (cm)*
	0.29
	<0.001
	13.33~20.21
	0.16
	0.003
	3.18~15.18


	HC (cm)*
	0.23
	<0.001
	15.04~25.66
	-0.006
	0.908
	-9.32~8.28


	WHR*
	0.22
	<0.001
	15.17~26.50
	0.11
	0.001
	4.04~16.58


	Hirsutism score*
	0.16
	<0.001
	1.03~2.32
	0.15
	<0.001
	0.99~2.21


	Acanthosis nigricans score*
	0.13
	<0.001
	2.85~8.13
	0.05
	0.102
	-0.44~4.88


	FBG (mmol/L)*
	0.11
	0.001
	1.63~5.88
	0.07
	0.028
	0.25~4.37


	FINS (pmol/L)*
	0.18
	<0.001
	1.23~2.51
	0.05
	0.162
	~0.21~1.25


	HOMA-IR*
	0.19
	<0.001
	1.11~2.24
	0.06
	0.107
	-0.11~1.16


	QUICKI*
	-0.18
	<0.001
	-0.004~-0.002
	-0.05
	0.116
	-0.002~0.000


	HDL (mmol/L)*
	-0.09
	0.005
	-4.04~-0.70
	-0.01
	0.847
	-1.84~1.51


	LDL (mmol/L)*
	0.18
	<0.001
	2.94~6.14
	0.12
	<0.001
	1.37~4.55


	TG (mmol/L)*
	0.17
	<0.001
	1.59~3.38
	0.07
	0.042
	0.04~1.93


	TC (mmol/L)*
	0.16
	<0.001
	3.12~7.28
	0.10
	0.001
	1.40~5.47


	ApoB (g/L)*
	0.23
	<0.001
	4.09~7.04
	0.14
	<0.001
	1.73~4.86


	ApoB/ApoA1ratio*
	0.22
	<0.001
	3.59~6.41
	0.11
	0.003
	0.84~3.95


	TT (nmol/L)*
	0.06
	0.052
	-0.01~2.27
	0.05
	0.112
	-0.21~1.99


	SHBG (nmol/L)*
	-0.15
	<0.001
	-2.53~-1.05
	-0.03
	0.478
	-1.09~0.51


	FAI*
	0.17
	<0.001
	1.06~2.29
	0.07
	0.051
	-0.003~1.30


	LH (mIU/mL)*
	-0.07
	0.026
	-1.58~-0.10
	0.01
	0.745
	-0.62~0.87


	LH/FSH ratio*
	-0.09
	0.009
	-1.94~-0.28
	-0.004
	0.905
	-0.88~0.78


	AMH (ng/mL)*
	-0.08
	0.019
	-1.63~-0.15
	-0.02
	0.622
	-0.91~0.55






a Adjusting for age and BMI; * Log-transformed.







3.3 Adjusted logistic regression analysis between the MAP quartiles and the risks of IR, NAFLD and hyperlipidemia

As shown in Table 3, logistic regression analyses evaluated the independent associations between MAP quartiles and metabolic complications in the PCOS cohort. For IR, both univariate and age-adjusted logistic regression revealed a clear association between increased MAP and the elevated risk of IR (P-trend < 0.001). For NAFLD risk, higher MAP quartiles demonstrated significantly elevated odds in univariate and age-adjusted models (P-trend < 0.01). Similarly, hyperlipidemia exhibited increased odds with higher MAP in and age-adjusted analyses (P-trend < 0.05). However, the association with IR, NAFLD and hyperlipidemia were fully attenuated after further adjustment for BMI (P-trend > 0.05).


Table 3 | Adjusted OR (95% CI) for the associations between the MAP and the risk of IR, NAFLD and hyperlipidemia.
	Variables
	Q1 (n=232)
	Q2 (n=282)
	Q3 (n=187)
	Q4 (n=297)
	P for trend



	Median
	79.71
	83.54
	90.02
	93.63
	 


	IR


	Model 1
	1.00 (Reference)
	2.09 (1.42~3.06]
	2.02 (1.33~3.07]
	2.91 (1.99~4.24)
	<0.001


	P-values
	 
	<0.001
	0.001
	<0.001
	 


	Model 2
	1.00 (Reference)
	2.10 (1.43~3.08)
	2.02 (1.33~3.08)
	2.94 (2.01~4.29)
	<0.001


	P-values
	 
	<0.001
	0.001
	<0.001
	 


	Model 3
	1.00 (Reference)
	1.59 (1.03~2.44)
	1.56 (0.97~2.50)
	1.51(0.97~2.32)
	0.148


	P-values
	 
	0.035
	0.066
	0.067
	 


	NAFLD


	Model 1
	1.00 (Reference)
	0.99 (0.42~2.33)
	2.22 (0.99~4.97)
	2.78 (1.34~5.76)
	0.004


	P-values
	 
	0.976
	0.053
	0.006
	 


	Model 2
	1.00 (Reference)
	0.96 (0.41~2.26)
	2.22 (0.99~4.97)
	2.64 (1.27~5.50)
	0.005


	P-values
	 
	0.924
	0.053
	0.009
	 


	Model 3
	1.00 (Reference)
	0.68 (0.28~1.65)
	1.67 (0.72~3.85)
	1.26 (0.57~2.76)
	0.149


	P-values
	 
	0.394
	0.230
	0.569
	 


	Hyperlipidemia


	Model 1
	1.00 (Reference)
	1.27 (0.88~1.84)
	1.31 (0.88~1.96)
	1.80 (1.26~2.58)
	0.013


	P-values
	 
	0.196
	0.189
	0.001
	 


	Model 2
	1.00 (Reference)
	1.22 (0.85~1.77)
	1.31 (0.87~1.97)
	1.69 (1.18~2.43)
	0.036


	P-values
	 
	0.282
	0.194
	0.004
	 


	Model 3
	1.00 (Reference)
	0.99 (0.67~1.45)
	1.08 (0.71~1.65)
	1.09 (0.74~1.61)
	0.941


	P-values
	 
	0.958
	0.728
	0.664
	 





OR, odds ratio; CI, confidence interval; IR, insulin resistance; NAFLD, non-alcoholic fatty liver disease.

Model 1, adjusted for no confounding factor; Model 2, was adjusted for age; Model 3, was adjusted for age and BMI.






3.4 The predictive value of the MAP in detecting IR, NAFLD and hyperlipidemia

In Table 4 and Figure 2, panels A, B, and C displayed the ROC curves for MAP as a predictor of IR, NAFLD, and hyperlipidemia respectively. The ROC curve analysis of IR showed that the AUC was 0.593 (95% CI: 0.557 ~ 0.629), with a sensitivity of 85.9% and a specificity of 28.8%. The optimal cut-off value of the MAP for IR prediction was 82.83, and the Youden index was 0.147. For NAFLD, the MAP had a 69.4% sensitivity and 53.5% specificity with a threshold value of 87.17, the AUC was 0.621 (95%CI: 0.554 ~ 0.687), and the Youden index was 0.225. For hyperlipidemia, the AUC was 0.555 (95% CI: 0.518 ~ 0.592), with 39.5% sensitivity and 70.0% specificity at an optimal cut-off of 90.83 (Youden index: 0.230).


Table 4 | The predictive value of MAP in detecting IR, NAFLD and hyperlipidemia.
	Predictors
	AUC (95% CI)
	Cut-off value
	Sensitivity
	Specificity
	Youden index
	P-value



	IR
	0.593 (0.557~0.629)
	82.83
	85.9%
	28.8%
	0.147
	<0.001


	NAFLD
	0.621 (0.554~0.687)
	87.17
	69.4%
	53.5%
	0.225
	0.001


	Hyperlipidemia
	0.555 (0.518~0.592)
	90.83
	39.5%
	70.0%
	0.095
	0.004







[image: Three ROC curve graphs labeled A, B, and C display sensitivity versus 1 - specificity. Each graph includes a blue curve representing the model and a red diagonal line showing no-discrimination baseline, illustrating the predictive performance with varying accuracies.]
Figure 2 | The results of ROC curve analysis regarding the predictability of MAP in IR (A), NAFLD (B) and hyperlipidemia (C).





4 Discussion

Our study demonstrates elevated MAP is independently associated with adverse unfavorable anthropometric indicators, dysregulated glucolipid profiles, and heightened risks of IR, MetS, NAFLD, and hyperlipidemia in PCOS. Furthermore, MAP exhibits utility as a pragmatic clinical predictor for identifying individuals with IR, NAFLD, and hyperlipidemia in this population.

A core pathophysiological cornerstone of PCOS is IR, which intensifies hormonal dysregulation and anovulation, underpins metabolic abnormalities such as obesity and MetS, and significantly increases susceptibility to T2DM and CVD (2, 27–29). Notably, 65-95% of PCOS patients manifested IR with compensatory hyperinsulinemia (2), and those with concurrent IR exhibit atherogenic dyslipidemia characterized by elevated TG, LDL, ApoB, TG/HDL, and ApoB/ApoA ratio, with TG and ApoB levels exhibiting positive correlation with BMI (30). Previous studies established a strong correlation between blood pressure, particularly SBP, and FINS in childhood, with hypertensive children exhibiting higher adiposity, FINS, BMI, TC, and HDL-C levels, indicating that early-life blood pressure dysregulation may predispose individuals to glucolipid metabolic abnormalities in adolescence or reproductive-age PCOS (31). Our findings demonstrated that patients with higher quartile of MAP exhibit increased weight, BMI, WC, HC, WHR, and elevated levels of FBG, FINS, HOMA-IR, LDL, TG, TC, ApoB, as well as a superior ApoB/ApoA1 ratio. Additionally, elevated MAP is associated with a higher prevalence of IR and its related disorders, including MetS, NAFLD, and hyperlipidemia. In our study, MAP was further positively associated with WC, WHR, FBG, LDL, TG, TC, ApoB, and the ApoB/ApoA1 ratio, independent of age and BMI. M Sohlman et al. (32) reported that IR and/or hyperinsulinemia independently predict aortic stenosis, irrespective of other CVD risk factors (including diabetes, obesity, and SBP), implying a systemic connection between vascular function (such as blood pressure) and IR. Mechanistically, despite significantly impaired insulin-mediated glucose uptake via receptor substrate 1 (IRS1) in adipocytes under IR conditions with compensatory hyperinsulinemia, renal insulin signaling through IRS2 remains intact, promoting sodium reabsorption and contributing to volume expansion and hypertension (33). Concurrent hyperinsulinemia drives vascular dysfunction by altering vascular smooth muscle reactivity to increase peripheral resistance (34), and activating the renin-angiotensin-aldosterone system (RAAS) via endothelial angiotensin-converting enzyme (ACE)/angiotensin II (ANGII)/angiotensin receptor (AT1R) axis overstimulation while enhancing sympathetic nervous system (SNS) tone (35), collectively elevating MAP through hemodynamic alterations (36, 37); this is compounded by IR-induced endothelial dysfunction disrupting the nitric oxide/endothelin-1 balance (38, 39). Despite mechanistic insights, the MAP-IR relationship remains inadequately explored in PCOS, where HA and unique metabolic features may modulate these pathways. High-quality studies should elucidate: insulin-RAAS crosstalk in hypertension pathogenesis and dynamic MAP fluctuations in PCOS.

HA is another major feature of PCOS. Excessive activation of androgens results in ovulatory disorders, menstrual irregularities, hirsutism, and acne, suggesting that excessive androgens are not merely a clinical characteristic of PCOS, but they also serve as a significant risk factor (40). Our findings revealed that PCOS patients with elevated MAP manifested more severe hirsutism and acanthosis nigricans. Moreover, significant positive correlations were observed between MAP and both TT and FAI, while a negative association emerged with SHBG. These associations became non-significant after adjustment for age and BMI, with the exception of FAI which approached significance (P = 0.051), suggesting that FAI——reflecting bioactive circulating androgens—might exhibit greater sensitivity than TT in indicating MAP variations. Previous studies corroborated FAI’s involvement in obesity-related metabolic disturbances (41), while elevated androgens were independently associated with increased SBP and DBP (12, 14). Mechanistically, androgens exert direct or indirect effects via SNS activation and renin-angiotensin system (RAS) stimulation, promoting vasoconstriction and sodium reabsorption (14, 42). This shifts the pressure-natriuresis relationship, elevating blood pressure (14, 42). Collectively, these studies suggest that excessive androgen secretion might contribute to metabolic dysregulation, with MAP emerging as a composite outcome of obesity, insulin metabolism, and androgen steroid activity. It is also worth noting that patients with a higher MAP were found to be older and taller – a novel observation which has not yet been incorporated into clinical PCOS diagnostics but is an interesting finding.

Our study identified a distinct reproductive phenotype in PCOS patients with elevated MAP, characterized by decreased LH and LH/FSH ratio. This profile indicates hypothalamic-pituitary-ovarian (HPO) axis dysregulation, where impaired gonadotropin releasing hormone (GnRH) pulse control reduces sensitivity to negative feedback (43, 44). This disrupts gonadotropin dynamics, increasing GnRH pulse frequency and preferential LH secretion over FSH - a hallmark of PCOS pathogenesis that stalls follicular development while stimulating ovarian androgen production (45). Nevertheless, the mechanisms by which MAP affects the HPO axis remain unclear, although an association between LH and CVD has been reported (46). We hypothesized that direct hemodynamic effects on hypothalamic-pituitary perfusion, activation of SNS/RAS pathways by blood pressure fluctuations, or circadian blood pressure abnormalities may disrupt the pulsatile secretion of LH, potentially mediating the impact of MAP on the HPO axis. Consistent with the reproductive phenotype in increased-MAP PCOS patients, we observed reduced AMH levels. AMH participates in follicular development and modulates hypothalamic-pituitary-gonadal axis activity, serving as a biomarker of the ovarian follicular pool (47). Emerging evidence suggested that AMH may influence cardiovascular physiology: obese patients demonstrated significant AMH-cardiometabolic risk associations (OR = 1.77, 95%CI: 0.95 ~ 3.31, P = 0.049) (48), while another study identified a linear relationship between serum AMH and morning blood pressure surge (OR = 1.24, 95%CI: 1.02 ~ 1.50, P = 0.033) (49). These findings were aligned with our observed inverse MAP-AMH relationship in PCOS, suggesting AMH fluctuations could potentially modulate blood pressure regulation through shared pathways affecting ovarian and cardiovascular systems.

While PCOS confers substantially elevated risks of metabolic dysfunction compared to the general population, the clinical significance of MAP within PCOS-specific metabolic pathophysiology remains underexplored. Our study demonstrated that the AUCIR was 0.593 and had a sensitivity of 85.9% and specificity of 28.8% with a threshold of 82.83 mmHg and Youden index of 0.147. We calculated the ROC curve for MAP in relation to NAFLD in PCOS for the first time, and determined that a MAP of 87.17 mmHg was the cut-off for NAFLD (with a sensitivity of 69.4% and a specificity of 53.5%). Furthermore, our study found MAP for hyperlipidemia (AUC = 0.555), with an optimal diagnostic cut-off of 90.83 mmHg demonstrating 39.5% sensitivity and 70.0% specificity. These findings establish MAP as a viable non-invasive indicator for metabolic complication screening in PCOS. Given the suboptimal diagnostic performance of individual MAP thresholds, future studies should: 1) expand cohort sizes to enhance statistical power, 2) incorporate multidimensional clinical parameters for advanced multivariate modeling, and 3) develop integrated diagnostic algorithms combining MAP with complementary biomarkers. Additionally, longitudinal cohort studies are warranted to elucidate causal relationships between MAP trajectories and metabolic complication progression. Such evidence would enable precision interventions targeting early cardiometabolic risk mitigation, ultimately improving long-term PCOS outcomes.

This study’s principal strengths include a large, nationally representative cohort of Chinese women with PCOS and the novel comprehensive characterization of MAP associations with both metabolic and reproductive endocrine parameters. However, several limitations merit consideration: 1) NAFLD diagnosis lacked ultrasonographic or biopsy validation, potentially introducing selection bias and restricting sample size; 2) Absence of comparator groups (healthy controls or women with other gynecological disorders) prevents clarification of PCOS-specific MAP patterns; 3) The cross-sectional design, inherent to this secondary analysis of PCOSAct trial data, precludes causal inference regarding temporal relationships between MAP elevation and metabolic complications. Consequently, it remains indeterminate whether MAP elevation represents a predictor or consequence of PCOS progression.




5 Conclusion

In conclusion, our results suggested that elevated MAP independently associates with exacerbated adiposity, dysglycemia, and atherogenic dyslipidemia in Chinese women with PCOS. Our findings support MAP’s utility as a practical clinical biomarker for preliminary screening of IR, NAFLD, and hyperlipidemia in this population. Future validation studies should develop integrated multimarker diagnostic models and establish standardized MAP thresholds through prospective cohorts to optimize clinical implementation.
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Introduction

Endometriosis is a prevalent, estrogen-dependent, inflammatory disease that impairs fertility via hormonal dysregulation, immune dysfunction, oxidative stress/ferroptosis, genetic and epigenetic alterations, and microbiome imbalance. We summarize multi-omics insights and clinical implications for endometriosis-associated infertility.





Methods

This article is a Systematic Review that synthesizes recent multi-omics and clinical evidence on mechanisms (hormonal, immune-inflammatory, oxidative stress/ferroptosis, genetic/epigenetic, microbiome/metabolic) and appraises therapeutic strategies spanning surgery, hormonal suppression, assisted reproductive technologies (ART), and emerging adjuncts. Mechanistic and clinical findings are integrated to map targets, biomarkers, and precision-care opportunities across disease phenotypes.





Results

Evidence indicates local estrogen dominance with progesterone resistance, pervasive immune dysregulation, and oxidative stress with iron-driven ferroptosis that particularly injures granulosa cells, alongside disease-relevant genetic/epigenetic regulators and reproductive-tract/gut microbiome dysbiosis. Clinically, endometriosis detrimentally affects ovarian reserve and oocyte competence, disrupts endometrial receptivity/decidualization, and remodels pelvic anatomy through adhesions and fibrosis, cumulatively reducing fecundity. Current management includes laparoscopic excision/ablation, hormonal suppression (e.g., progestins, GnRH analogs/antagonists), and ART tailored to goals and disease severity. Adjunctive antioxidant and immune-modulating approaches show promise but require robust clinical validation. Biomarker discovery—including epigenetic regulators and microbiome-derived signals—may enable earlier diagnosis and personalization. Innovative avenues include immunotherapy targeting nociceptor–immune crosstalk, ferroptosis modulation, microbiota manipulation, and diet-based metabolic strategies.





Discussion

The pathogenesis of endometriosis-associated infertility is multifactorial and interconnected. While current treatments offer benefits, their efficacy is variable. The integration of multi-omics data is unveiling novel diagnostic biomarkers and therapeutic targets. Future management requires a patient-centered, multidisciplinary precision medicine approach that combines mechanistic insights with individualized treatment strategies to improve reproductive outcomes across the disease spectrum.
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1 Introduction

Endometriosis is a chronic, inflammatory gynecological disease characterized by the presence of endometrial-like tissue outside the uterine cavity, primarily affecting women of reproductive age and manifesting with symptoms such as pelvic pain and infertility. It is a prevalent condition, impacting approximately 10% of women of reproductive age worldwide—equating to around 190 million individuals—and is highly associated with infertility, present in 30–50% of women seeking infertility evaluation (1, 2). Global Burden of Disease (GBD) studies reveal declining trends in endometriosis incidence and prevalence. From 1990 to 2019, China experienced a 30% reduction in age standardized incidence rate (ASIR), with an annual decrease of 1.2% (3). Similar global patterns showed annual declines of 0.21% in incidence and 0.29% in prevalence during 1990-2017 (4). Despite these reductions, endometriosis remains a leading cause of gynecological disability-adjusted life-years (DALYs), particularly in high-income regions (5).

The pathophysiology involves complex interactions of endocrine, immunologic, and inflammatory processes, with retrograde menstruation as the most accepted theory for ectopic tissue implantation (6).Estrogen metabolism and chronic inflammation are key pathophysiological mechanisms, with emerging evidence highlighting the microbiome—particularly the gut and genital tract microbiota—in modulating estrogen metabolism and inflammation, potentially influencing disease etiology and symptomatology (7). The disease impairs fertility through multiple mechanisms, including anatomical distortions, a hostile pelvic environment due to chronic inflammation and oxidative stress, poor oocyte quality, impaired folliculogenesis, reduced ovarian reserve, and altered endometrial receptivity (6). For instance, endometriosis fosters a pro-oxidative environment with increased oxidative stress, negatively impacting oocyte development and endometrial function. Fibrosis, characterized by abnormal extracellular matrix accumulation in ectopic lesions, contributes to infertility by causing pelvic adhesions and impairing reproductive organ function (8). Additionally, hormonal imbalances such as progesterone resistance may reduce endometrial receptivity to embryo implantation (9). Monthly fecundity rates in couples with endometriosis-associated infertility range from 2% to 10% (10), and spontaneous conception rates vary by disease severity, with approximately 50% of women with minimal/mild endometriosis conceiving without treatment, compared to 25% with moderate disease and few with severe disease (11).

Clinical presentation is heterogeneous, encompassing menstruation-related pain (dysmenorrhea, dyspareunia), noncyclic pelvic pain, and infertility, with pain resulting from high densities of sensory nerve fibers in lesions and inflammatory processes (12). These symptoms markedly reduce quality of life and are associated with stress-induced psychological sequelae that contribute to anxiety, depression, low self-esteem, and relationship strain. Notably, illness management is a dyadic phenomenon, requiring women and their partners to navigate infertility together, though their shared experiences remain underexplored. The population of infertile women with endometriosis is heterogeneous, with diverse phenotypes complicating diagnosis and mechanistic understanding (13).

Diagnosis remains challenging, often delayed by an average of 7 years from symptom onset, due to overlapping symptoms with other conditions and reliance on invasive laparoscopy with histological analysis as the gold standard (12). This delay may allow disease progression and worsen treatment responses. Societal burden is substantial, including economic costs estimated at $22 billion annually in the United States alone, alongside negative impacts on education, employment, and mental health. Despite affecting millions globally—with estimates of 176 million women worldwide—research funding remains insufficient relative to its socioeconomic impact, hindering advancements in diagnostics and therapeutics (14). Modern management emphasizes a patient-focused, multidisciplinary approach addressing pain, fertility, and overall well-being, considering stress, systemic comorbidities, and the need for long-term care. Given its chronic, progressive nature and strong association with infertility, endometriosis represents a critical clinical and societal challenge requiring integrated strategies to improve diagnosis, treatment, and support for affected individuals (15).




2 Pathophysiological mechanisms underlying infertility in endometriosis

Endometriosis-associated infertility remains a complex and challenging clinical issue, with its underlying pathophysiological mechanisms being multi-faceted and interconnected. Unraveling these mechanisms is crucial for developing targeted therapeutic strategies to improve reproductive outcomes in affected individuals. This section will delve into the key biological processes that drive infertility in endometriosis, exploring how hormonal imbalances, immune dysfunction, oxidative stress, genetic and epigenetic alterations, as well as microbiome and metabolic shifts collectively disrupt fertility (Figure 1).
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Figure 1 | Molecular mechanisms underlying endometriosis-associated infertility.



2.1 Hormonal and endocrine dysregulation

Estrogen dependency and progesterone resistance are central to the hormonal and endocrine dysregulation driving endometriosis-associated infertility, facilitating ectopic endometrial implantation through impaired apoptosis, heightened inflammation, and aberrant neuroangiogenesis (6). Contrary to circulating estrogen levels, which are not significantly altered in endometriosis patients, local estrogen dominance arises from de novo synthesis within ectopic lesions and enhanced estrogen receptor signaling. Endometriotic tissue overexpresses aromatase (encoded by CYP19A1) and downregulates 17β-hydroxysteroid dehydrogenase type 2 (17HSD2), leading to increased estradiol (E2) production and reduced conversion to less potent estrone. Concurrently, an elevated ERβ/ERα ratio, resulting from promoter methylation-induced ERβ upregulation and ERα downregulation, amplifies estrogen signaling in endometriotic cells. Epigenetic modifications, including hypomethylation of ERβ and aromatase promoters, further sustain this estrogen-driven phenotype, with endocrine-disrupting chemicals (EDCs) such as dioxins and phthalates potentially exacerbating these epigenetic alterations (16).

Progesterone resistance, characterized by impaired progesterone receptor (PR) signaling despite bioavailable progesterone, perpetuates ectopic lesion survival and contributes to infertility (17). Endometriotic lesions exhibit marked reductions in PR-B isoform expression and decreased PR-A levels, attributed to promoter hypermethylation, microRNA dysregulation (e.g., miR-26a, miR-181), and genetic polymorphisms like PROGINS that disrupt ligand binding and downstream signaling. Functionally, progesterone fails to induce epithelial 17β-HSD2 in endometriotic tissue, sustaining high local E2 concentrations, and loses its ability to suppress NF-κB-mediated inflammation, thereby promoting lesion establishment and maintenance. This resistance undermines the efficacy of progestin therapies, necessitating prolonged hormonal suppression to reduce ectopic implant viability (18).

The interplay of estrogen dominance and progesterone resistance disrupts endometrial homeostasis, directly impacting fertility. Altered hormonal signaling impairs decidualization, disturbs the expression of implantation markers, and compromises embryo implantation in both eutopic endometrium and ectopic lesions. Additionally, estrogen-stimulated cyclooxygenase-2 (COX-2) activity drives prostaglandin E2 (PGE2) synthesis, creating a positive feedback loop that enhances local estrogen production and inflammation, further facilitating ectopic implantation (19). These mechanisms collectively highlight the rationale for hormonal therapies targeting estrogen suppression and overcoming progesterone resistance as strategies to improve fertility outcomes in endometriosis patients.




2.2 Immune system dysfunction and chronic inflammation

Immune system dysfunction and chronic inflammation are central pathological features underlying endometriosis-associated infertility, characterized by aberrant immune cell activation, cytokine dysregulation, and impaired immune surveillance. Endometriosis often coexists with adenomyosis, and both conditions share immunological alterations, including abnormal immune cell function and pro-inflammatory cytokine secretion, which collectively disrupt reproductive processes (20).



2.2.1 Immune cell alterations

Macrophages are key drivers of immune dysfunction, constituting over 50% of immune cells in the peritoneal fluid of affected women. Neuroimmune communication via calcitonin gene-related peptide (CGRP) and its coreceptor RAMP1 promotes macrophage recruitment and phenotypic shifts toward a “pro-endometriosis” state, characterized by impaired efferocytosis and enhanced support of endometrial cell growth (21). This neuropeptide-mediated pathway operates independently of classic chemokine receptors like CCR2, directly stimulating macrophage secretion of chemokines and matrix metalloproteinases that facilitate lesion establishment. Additionally, peritoneal macrophages exhibit reduced phagocytic activity due to downregulated CD36 expression, allowing ectopic endometrial cells to evade clearance. Macrophage polarization is also dysregulated: women with endometriosis show M1 (pro-inflammatory) predominance in eutopic endometrium and M2 (anti-inflammatory/pro-angiogenic) polarization in ectopic lesions, supporting angiogenesis and tissue remodeling (22). Small extracellular vesicles (sEVs) derived from macrophages further modulate endometrial stromal cell behavior by transferring microRNAs and long non-coding RNAs, enhancing proliferation and invasion via SIRT1/NF-κB signaling (23).

Natural killer (NK) cell function is severely compromised, with reduced cytotoxicity of the CD56dimCD16+ subset in peripheral blood and peritoneal fluid, enabling immune escape of ectopic cells (24). This impairment is mediated by cytokines such as TGF-β, IL-6, and IL-15, which suppress NK cell activity (22).

T-cell subsets are dysregulated, with increased Th2, Th17, and regulatory T (Treg) cells in the peritoneal microenvironment (24). Th2 and Th17 cytokines promote inflammation and endometrial cell proliferation, while Tregs induce local immunosuppression by polarizing macrophages into pro-repair subtypes via soluble fibrinogen-like protein 2 (sFGL2) (23). A Th1/Th2 imbalance favoring Th1 predominance, associated with elevated TNF-α, IL-6, and IL-1β, further disrupts endometrial receptivity (25).Recent evidence further implicates neuroimmune crosstalk via CGRP/RAMP1 in macrophage polarization, as detailed in Section 6.1.




2.2.2 Immune checkpoint molecules

Immune checkpoint pathways are perturbed, contributing to immunosuppression. CTLA4, a critical regulator of T-cell activation, is upregulated on CD4+ and CD8+ T cells in endometriosis, with elevated soluble CTLA4 (sCTLA4) in serum and peritoneal fluid of late-stage and infertility-associated cases. CTLA4 gene polymorphisms (+49A/G, CT60 A/G) are not linked to disease susceptibility, but experimental models show that CTLA4 blockade reduces ectopic lesion growth by inhibiting Treg-derived IL-10 and TGF-β (26). Programmed cell death protein 1 (PD-1) is also upregulated on T cells, induced by endometriosis stromal cells to facilitate immune evasion (24).




2.2.3 Autoimmune overlaps

Endometriosis exhibits autoimmune-like features, including autoantibodies to endometrial antigens and polyclonal B-cell activation (10). Transcriptomic analysis identifies five autoimmune disease-related hub genes (CXCL12, PECAM1, NGF, CTGF, WNT5A) differentially expressed in ectopic vs. eutopic endometrium, with diagnostic value. Immune infiltrates in ectopic lesions include increased macrophages, mast cells, and memory CD4+ T cells, alongside decreased NK cells and plasma cells, mirroring autoimmune pathologies (27). These immune alterations parallel mechanisms in rheumatoid arthritis, where pro-inflammatory cytokines (TNF-α, IL-6) and immune cell dysfunction drive chronic inflammation (28).




2.2.4 Chronic inflammatory milieu

Pro-inflammatory cytokines (TNF-α, IL-6, IL-1β, IL-8, IL-17) and chemokines (RANTES) accumulate in peritoneal and follicular fluid, creating a hostile microenvironment. TNF-α impairs endometrial receptivity, induces sperm apoptosis via caspase activation, and promotes ectopic adhesion through upregulation of ICAM1. Oxidative stress, generated by activated immune cells, produces reactive oxygen species (ROS) and nitric oxide, causing DNA damage in gametes and embryos, reducing sperm motility, and impairing fertilization (10). Endometriosis cells also exhibit malignancy-like properties, including invasiveness and responsiveness to TNF-α and COX-2, further exacerbating lesion persistence (29). Collectively, these immune and inflammatory perturbations disrupt folliculogenesis, ovulation, fertilization, and implantation, contributing to infertility.





2.3 Oxidative stress and ferroptosis in endometriosis

Ferroptosis, a novel iron-dependent programmed cell death characterized by the accumulation of lipid peroxides, is distinct from apoptosis, necrosis, and autophagy, and has been closely linked to female infertility, including endometriosis-associated infertility (30). A key hallmark of endometriosis is iron overload resulting from periodic bleeding in ectopic lesions. Retrograde menstruation transports erythrocytes into the peritoneal cavity, where macrophages actively participate in iron metabolism; iron released from erythrocyte hemolysis induces oxidative cellular damage and generates high levels of reactive oxygen species (ROS) (31). Excess iron catalyzes the Fenton reaction (Fe2+ + H2O2 → Fe3+ + OH− + ·OH), producing highly toxic hydroxyl radicals that target lipids, proteins, and nucleic acids, thereby exacerbating oxidative stress.

In granulosa cells of women with endometriosis, elevated lipid peroxidation markers such as malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) have been observed, accompanied by decreased glutathione (GSH) and glutathione peroxidase 4 (GPx4), key inhibitors of ferroptosis (32). Mechanistically, ferritinophagy mediated by nuclear receptor coactivator 4 (NCOA4) promotes the release of labile iron in granulosa cells, enhancing lipid peroxidation via the Fenton reaction and facilitating ferroptosis. Oxidative stress further impairs granulosa cell function by reducing antioxidant capacity, steroidogenesis, and follicle-stimulating hormone receptor expression, contributing to abnormal follicular development (33).

Ferroptosis exerts a double-edged effect in endometriosis: while it damages ovarian granulosa cells, oocytes, and embryos—disrupting oocyte maturation, decreasing oocyte retrieval rates, and impairing embryonic development—it also promotes ectopic lesion growth through downstream signaling pathways that enhance angiogenesis and inflammation (34). Notably, differential susceptibility to ferroptosis exists between cell types: endometriotic cells acquire resistance through upregulation of GPx4 and GSH, whereas granulosa cells remain vulnerable due to decreased antioxidant defenses (35, 36).

Therapeutically, ferroptosis inducers can promote lipid ROS accumulation and endometriotic cell death but may exacerbate granulosa cell damage, while ferroptosis inhibitors protect granulosa cells against oxidative damage. Additionally, strategies targeting iron overload, such as iron chelators, and antioxidants have shown promise in ameliorating granulosa cell ferroptosis and improving reproductive outcomes.




2.4 Genetic, epigenetic, and molecular alterations

Genetic factors contribute to endometriosis-associated infertility, with studies highlighting polymorphisms in antioxidant enzyme genes. For example, variant genotypes of GPX1 Pro198Leu, CAT-262C>T, GSTM1 null allele, and combined GSTM1-GSTT1 null genotype are significantly associated with increased risk of endometriosis-related infertility, likely through disrupted oxidative stress regulation. Additionally, integration of gene expression data has identified 269 differentially expressed programmed cell death-related genes (DPGs) in endometriosis, with 17 showing causal associations and three (TNFSF12, AP3M1, PDK2) emerging as potential diagnostic biomarkers (37).

Epigenetic dysregulation plays a central role, involving DNA methylation, histone modifications, and non-coding RNAs. DNA methyltransferases (DNMT1, DNMT3A, DNMT3B) exhibit differential expression, while ten-eleven translocation methylcytosine dioxygenases (TET1-3) are downregulated in ectopic lesions and eutopic stromal cells, influencing 5-hydroxymethylcytosine levels and epithelial-mesenchymal transition. Methyl-CpG-binding domain protein MBD2 is decreased, potentially preventing repression of methylated genes. Genome-wide analyses reveal thousands of differentially methylated sites affecting steroid hormone signaling and inflammation pathways (38).

Histone modifiers are also dysregulated: histone deacetylases (HDAC1-3, SIRT1), methyltransferases (EZH2, MLL1), and demethylases (LSD1) alter chromatin states, contributing to progesterone resistance, inflammation, and fibrosis. MicroRNAs (miRNAs) regulate epigenetic enzymes post-transcriptionally; e.g., miR-148a modulates DNMT1 under hypoxia (38).

Chromatin remodeler ARID1A, critical for endometrial receptivity, is downregulated in eutopic endometrium of women with endometriosis, likely via epigenetic/transcriptional mechanisms rather than mutations. ARID1A directly binds the Foxa2 promoter to regulate its transcription, essential for endometrial gland function. Epithelial-specific Arid1a deletion in mice preserves gland number but reduces FOXA2 and gland-specific genes (Lif, Spink3, Cxcl15), causing implantation and decidualization defects through disrupted LIF-STAT3-EGR1 signaling. This leads to non-receptive endometrium with increased epithelial and decreased stromal proliferation, and exogenous LIF fails to rescue implantation, indicating additional ARID1A-dependent defects (35).

Transcription factor BCL6 is upregulated in endometriotic lesions and correlates with disease severity and poor IVF outcomes. It recruits corepressor complexes to repress target genes, and co-localizes with SIRT1 to repress GLI1, a mediator of progesterone action, linking BCL6 to progesterone resistance. BCL6 is regulated by IL6/STAT3 signaling and miRNAs, integrating inflammatory and epigenetic mechanisms (39).




2.5 Microbiome and metabolic influences

Emerging evidence highlights the intricate roles of reproductive tract and gut microbiome dysbiosis, alongside metabolic and coagulation system perturbations, in the pathogenesis of endometriosis and associated infertility.

The female genital tract (FGT) microbiome, typically dominated by Lactobacillus species in healthy individuals, exhibits significant dysbiosis in endometriosis. Endometriotic patients frequently show reduced Lactobacillus abundance and increased colonization by opportunistic pathogens such as Gardnerella, Prevotella, Streptococcus, and Enterococcus. This dysbiosis disrupts immune homeostasis by elevating proinflammatory cytokines and compromising immunosurveillance, thereby promoting ectopic lesion survival and growth. The “Bacterial Contamination Theory” proposes that such dysbiosis introduces lipopolysaccharides (LPS) into the uterine environment, which activate pattern recognition receptors through binding to the TLR4/MD2 complex, triggering MyD88-dependent signaling that phosphorylates IκB and liberates NF-κB for nuclear translocation, ultimately inducing chronic inflammatory cascades and further exacerbating endometriotic pathology. Clinically, endometrial microbiome profiles correlate with reproductive outcomes: a Lactobacillus-dominated (LD) endometrium (>90% Lactobacillus) associates with improved implantation and pregnancy rates in assisted reproductive technology (ART), whereas non-Lactobacillus-dominated (NLD) states predict poorer outcomes (40).

Gut microbiome dysbiosis similarly contributes to endometriosis pathogenesis through multiple mechanisms. In murine models, the presence of endometriotic lesions alters the Firmicutes/Bacteroidetes ratio, a key indicator of dysbiosis (41). This dysregulation impairs immune clearance of ectopic endometrial fragments, allowing lesion establishment and growth. Gut-derived LPS, a major component of Gram-negative bacterial cell walls, activates the TLR4/MyD88/NF-κB pathway, driving proinflammatory cytokine release and promoting adhesion, invasion, and angiogenesis of endometriotic lesions. Additionally, the gut microbiome modulates estrogen metabolism via the estrobolome: bacterial β-glucuronidase activity converts conjugated estrogen to bioactive forms, increasing circulating estrogen levels that fuel lesion growth. Altered β-glucuronidase-producing species are consistently identified in endometriosis patients. Microbial metabolites such as short-chain fatty acids (SCFAs), particularly butyrate, exert protective effects by enhancing regulatory T cell differentiation and intestinal barrier integrity, with butyrate treatment reducing lesion size in murine models (42).

Coagulation system factors, though less extensively studied in this context, intersect with microbiome-driven inflammation. Cytokine-mediated inflammation and altered macrophage function, linked to microbiota changes, may contribute to coagulation system dysregulation, influencing disease progression and reproductive outcomes. However, direct evidence for specific coagulation factors like ADAMTS13 or vWF remains limited and requires further investigation.

Therapeutic modulation of the microbiome shows promise: antibiotics targeting dysbiotic bacteria and fecal microbiota transfer (FMT) reduce lesion growth in preclinical models, while probiotics restoring Lactobacillus dominance improve NK cell activity and reproductive outcomes. Beyond the microbiome, other metabolic influences such as smoking and alcohol consumption can also impact reproductive function through altered hormone profiles, disrupted oviductal contractility, and impaired endometrial receptivity, further contributing to infertility in endometriosis (43).





3 Clinical impact of endometriosis on female fertility

Endometriosis exerts a profound and multifaceted impact on female fertility, affecting nearly every stage of the reproductive process—from ovarian function and oocyte quality to endometrial receptivity, tubal patency, and overall pelvic anatomy. Understanding these clinical manifestations is critical for guiding diagnostic strategies, selecting appropriate treatments, and optimizing reproductive outcomes for affected women (Figure 2).
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Figure 2 | Clinical impact of endometriosis on female fertility.



3.1 Ovarian reserve and oocyte quality

Ovarian reserve and oocyte competence are significantly compromised in women with endometriosis, with ovarian endometriomas and the broader disease process playing pivotal roles. Ovarian endometriomas per se impair ovarian reserve, as evidenced by decreased serum anti-Müllerian hormone (AMH) levels, reduced antral follicle count (AFC), and histopathological findings of decreased follicular density and vascular abnormalities in the ovarian cortex surrounding these cysts, with up to 16% of cases exhibiting complete absence of follicles. Surgical excision of ovarian endometriomas further exacerbates this impairment by frequently causing unintentional removal of healthy ovarian tissue, leading to a sustained decline in serum AMH levels for at least 6–9 months and diminished ovarian response to controlled ovarian hyperstimulation (COH), particularly when cyst size exceeds 4 cm (44).

In terms of oocyte yield and maturity, ovarian endometriosis consistently reduces oocyte yield (mean difference [MD] −1.22) and the number of mature oocytes (MD −2.24). Meta-analyses of IVF/ICSI studies confirm that women with endometriosis have a significantly reduced number of oocytes retrieved per cycle and a lower percentage of mature oocytes, with a significant increase in follicle atresia observed in the affected ovary; this reduction is evident not only in follicles in close proximity to endometriomas but also in distal follicles of the same ovary (45).

The pathophysiological mechanisms underlying these impairments involve an altered follicular environment characterized by increased inflammation and oxidative stress. Iron overload from periodic bleeding of ectopic endometriotic lesions induces oxidative stress via free iron-mediated Fenton reactions, which freely diffuses into adjacent granulosa cells. This, combined with reduced antioxidants such as glutathione and glutathione peroxidase (GPx), increases granulosa cell susceptibility to ferroptosis—an iron- and reactive oxygen species (ROS)-dependent programmed cell death—ultimately impairing oocyte maturation and competence. Additionally, granulosa cells in women with endometriosis exhibit apoptosis, mitochondrial dysfunction, disrupted steroid hormone production, and increased inflammatory markers, further compromising follicle health (15).

These changes contribute to significant oocyte quality defects. Morphologically, oocytes from women with endometriosis frequently exhibit zona pellucida hardening, spindle disruption, nuclear anomalies, increased cytoplasmic granularity, and impaired cumulus-oocyte complex (COC) expansion. Functionally, ROS-induced DNA damage, reduced mitochondrial content, and a higher proportion of abnormal mitochondria have been observed, collectively diminishing oocyte competence. Severe endometriosis (ASRM stage III and IV) particularly influences all stages of reproduction, from folliculogenesis and oocyte quality to fertilization and embryo development, highlighting the broad impact of disease severity (2). Notably, while ovarian stimulation for IVF does not significantly worsen endometrioma size or ovarian reserve metrics, the underlying disease process remains a critical determinant of reduced oocyte quantity and quality (46).




3.2 Endometrial receptivity and implantation failure

The endometrium must be receptive for successful embryo implantation to take place. In endometriosis, impaired endometrial receptivity arises from interconnected mechanisms involving defective decidualization, altered immune cell populations, and a disrupted endometrial environment, collectively contributing to implantation failure.

Defective decidualization is a central feature, primarily driven by progesterone resistance and aberrant cell signaling in the eutopic endometrium (47). Endometriosis is an estrogen-dependent condition with dysregulated steroid hormone pathways, leading to progesterone resistance that impairs decidualization (48). Epigenetic mechanisms further exacerbate this: hypoxia, a key pathological process in endometriosis, upregulates histone methyltransferase EZH2, which catalyzes H3K27Me3 modification at the IGFBP1 promoter, suppressing this critical decidual marker and directly impairing decidualization (49). Additionally, loss of endometrial ARID1A disrupts the LIF-STAT3-EGR1 pathway, diminishing LIF expression – a cytokine necessary for implantation and decidualization – leading to a non-receptive endometrium characterized by altered epithelial and stromal proliferation (35). Bone morphogenetic protein (BMP) signaling, integral to endometrial remodeling, is also dysregulated: BMP2 promotes decidualization via ALK3-mediated upregulation of genes like WNT4 and IGFBP3, while BMP7 inhibits this process, and their imbalance contributes to defective decidualization (50).

Altered immune cell populations further disrupt endometrial receptivity. Endometriosis is associated with increased activated pelvic macrophages, T-lymphocytes, and natural killer (NK) cells in the peritoneal environment, driving an inflammatory cascade (10). Specifically, increased pro-inflammatory M1 macrophages and decreased M2 macrophages disrupt the cytokine milieu required for stromal decidualization, while endometrial macrophages exhibit defective phagocytic capacity and pro-inflammatory phenotypes. Uterine NK (uNK) cells show increased numbers but decreased expression of activating receptors like NKp46, indicating functional impairment. T cell populations are also imbalanced, with increased cytotoxic CD8+ T cells, pro-inflammatory Th1/Th17 subsets, and decreased regulatory T cells (Tregs), disturbing immune tolerance (51). These immune alterations are accompanied by elevated peritoneal fluid cytokines (RANTES, IL-1β, IL-6, TNF-α) and oxidative stress from reactive oxygen species, inducing DNA damage and apoptosis in embryos.

The endometrial environment is further compromised by hormonal asynchrony between the endometrium and embryo, resulting from fluctuations in serum progesterone and estradiol levels. Ovarian stimulation may exacerbate this by expanding the implantation window and increasing estrogen levels, potentially lowering pregnancy rates. Notably, deferred frozen-thawed embryo transfer (FET) may restore synchrony and reset the uterine environment, with studies reporting higher live birth rates and lower miscarriage rates compared to fresh transfer, though clinical routine use requires caution due to heterogeneity in evidence. However, conflicting findings exist: a transcriptomic study using the endometrial receptivity array (ERA) test found no difference in receptivity gene signatures during the implantation window between endometriosis patients and controls, and a sibling oocyte study showed no difference in implantation rates in severe endometriosis patients undergoing IVF, suggesting context-dependent effects. Emerging evidence suggests interventions like PPD may improve the endometrial environment by upregulating progesterone receptors, downregulating estrogen receptors, and normalizing immune cell function – including reducing pro-inflammatory cytokines (IL-12, IFN-γ) in macrophages and enhancing decidual NK cell-mediated immune tolerance and angiogenesis (52).




3.3 Tubal and anatomical factors

Anatomical distortions caused by adhesions and fibrosis represent key contributors to infertility in endometriosis, leading to mechanical obstruction and impaired pelvic anatomy relevant to reproductive function. Extensive pelvic adhesions can result in cul-de-sac obliteration, defined by Sampson (1922) as “extensive adhesions in the cul-de-sac, obliterating its lower portion and uniting the cervix or the lower portion of the uterus to the rectum, with adenoma of the endometrial type invading the cervical and the uterine tissue”, which compromises sperm passage and tubal function. Deep rectovaginal endometriotic nodules, histologically characterized as “adenomyomas consisting of smooth muscle hyperplasia with active glandular epithelium and scanty stroma”, correlate with significant pelvic adhesions and structural distortion. These nodules often coexist with uterine adenomyosis, with external uterine adenomyosis detected in over 97% of women with deep posterior endometriotic nodules ≥3 cm; such adenomyotic lesions can invade posterior uterine and cervical walls, extending into the rectovaginal space and digestive tract to cause mechanical obstruction (53).

Tubal involvement further contributes to infertility, as endometriotic lesions in the fallopian tube subserosal layer are strongly associated with reproductive impairment. Magnetic Resonance Imaging (MRI) may reveal T1-weighted hyperintensity within dilated fallopian tubes, a finding suggestive of endometriosis and potential structural compromise. Adhesions can also obliterate normal pelvic angles and induce abnormal uterine flexion, while nodularity and thickening of pelvic ligaments (uterosacral ligaments) with fibrotic reactions further disrupt pelvic anatomy (54). Fibrosis and smooth muscle proliferation are prominent in both adenomyotic and deep endometriotic lesions, forming dense collagen fibers that reinforce adhesions and structural alteration.

Mechanically, these changes impair fertility through multiple pathways: extensive adhesions can occlude the tubal ostium and embed ovaries, blocking sperm passage and oocyte release. Uterotubal dysperistalsis, a dysfunction in tubal motility, may further disturb gamete and embryo transport (11). In severe cases, anatomical damage to ovaries (including impacts on ovarian reserve) and fallopian tubes directly blocks gamete and embryo transport (55). Experimental baboon models demonstrate that nodular lesions can invade bowel muscularis and surrounding tissues, illustrating mechanical disruption relevant to tubal and pelvic anatomy.

Clinically, surgical laparoscopy aims to restore normal pelvic anatomy, though its benefit is most evident in minimal/mild disease. However, severely distorted pelvic anatomy increases surgical risk, making assisted reproductive technologies (ART) like IVF preferable in such scenarios (56). GnRH agonists may temporarily improve distorted anatomy and adhesions by reducing disease burden, potentially enhancing oocyte release or transport. Despite these interventions, the presence of adhesions, tubal blockage, and structural distortion remains a critical barrier to fertility in endometriosis.




3.4 Disruption of folliculogenesis and oocyte function by the endometriotic microenvironment

The endometriotic microenvironment is characterized by elevated levels of reactive oxygen species (ROS), iron overload, pro-inflammatory cytokines, and altered immune cell infiltration. These factors collectively contribute to a “toxic” milieu that compromises ovarian function at multiple levels. Iron-induced oxidative stress and ferroptosis in granulosa cells impair steroidogenesis, reduce mitochondrial function, and disrupt antioxidant defenses, leading to impaired folliculogenesis and oocyte maturation. Studies have shown that follicular fluid from women with endometriosis contains increased ROS and lipid peroxidation byproducts, which correlate with lower oocyte quality and fertilization rates (57).

Additionally, the persistent inflammatory environment alters the expression of genes involved in cumulus expansion, ovulation, and corpus luteum formation. Aberrant secretion of interleukins (e.g., IL-1β, IL-6) and TNF-α may impair ovulatory cascade signaling, while elevated prostaglandins and dysregulated angiogenesis can interfere with follicle rupture and luteal function. Furthermore, diminished levels of growth factors such as IGF-1 and GDF-9 within the follicular microenvironment may further contribute to poor oocyte competence and suboptimal embryo development (58, 59).

These disruptions highlight the multifactorial impact of the altered ovarian niche in endometriosis, offering a rationale for targeted antioxidant, anti-inflammatory, or ferroptosis-modulating therapies aimed at restoring follicular health and reproductive potential.





4 Current therapeutic strategies addressing endometriosis-associated infertility



4.1 Surgical management

Laparoscopic surgery serves as a cornerstone in the surgical management of endometriosis-associated infertility, aiming to remove visible lesions and restore pelvic anatomy to improve reproductive outcomes. Techniques include ablation and excision, with evidence indicating that compared to diagnostic laparoscopy alone, laparoscopic surgery probably increases viable intrauterine pregnancy rates in women with minimal to mild endometriosis (OR 1.89, 95% CI 1.25 to 2.86; 3 RCTs, 528 participants; moderate quality evidence). Advanced minimally invasive approaches such as robotic laparoscopy have further enhanced surgical precision and anatomical visualization, reducing postoperative complications and recovery time while effectively removing complex deep endometriosis lesions with preserved fertility potential (29, 52).

Discoid excision, a conservative surgical technique, is particularly relevant for managing colorectal deep endometriosis (DE) and has demonstrated favorable fertility outcomes. In a study of 49 patients desiring pregnancy, 51% (25/49) achieved pregnancy after discoid excision, with a high spontaneous pregnancy rate of 60% (15/25) and a live birth rate of 75% (12/16) among spontaneous conceptions. This approach is mainly indicated for lesions involving less than 90° of the bowel circumference and ≤3 cm in length (with double discoid excision feasible for larger lesions ~5 cm), aiming to reduce morbidity compared to segmental resection while maintaining similar recurrence rates. When performed by experienced surgeons in expert centers, discoid excision is considered safe, with postoperative complication rates of 24.5% (mostly minor Clavien-Dindo grades I-II) and no severe complications like rectovaginal fistula or anastomotic leakage reported (60). However, the impact of laparoscopic surgery on ovarian reserve remains an area requiring further investigation, as current evidence is insufficient to draw definitive conclusions, highlighting the need for high-quality RCTs with standardized outcome reporting.




4.2 Hormonal medical treatments

Hormonal medical treatments for endometriosis-associated infertility target the endocrine pathogenetic mechanisms of the disease, aiming to block menstruation through inhibition of the hypothalamus-pituitary-ovary (HPO) axis or induction of pseudodecidualization with consequent amenorrhea, thereby impairing the progression of endometriotic implants (6). These treatments include GnRH agonists, GnRH antagonists, progestins, oral contraceptives, and emerging selective receptor modulators.

GnRH agonists (goserelin, leuprolide, nafarelin, buserelin, triptorelin) downregulate pituitary GnRH receptors, leading to hypoestrogenism and amenorrhea, which results in regression of endometriotic lesions and improvement in pain symptoms. However, they are associated with hypoestrogenic side effects that can be mitigated with add-back therapy. In contrast, GnRH antagonists competitively inhibit GnRH receptors without causing an initial flare-up, offering rapid onset of action. Oral GnRH antagonists such as elagolix induce dose-dependent suppression of LH, FSH, and estradiol levels, reducing pain while minimizing severe hypoestrogenism. Their principal advantages include dose-dependent estrogen suppression, fast reversibility of hormone secretion after treatment cessation, oral delivery, and avoidance of the flare-up effect. Ongoing trials are evaluating other oral GnRH antagonists like relugolix and linzagolix.

Progestins, considered first-line hormonal therapies, act by decreasing FSH and LH secretion, inducing anovulation and amenorrhea, promoting endometrial pseudodecidualization, and inhibiting inflammation, angiogenesis, and endometriotic cell apoptosis. Key examples include dienogest (DNG), a 19-nortestosterone derivative approved for endometriosis, which effectively reduces pain and lesion size with good tolerability and minimal impact on bone mineral density; norethindrone acetate (NETA), FDA-approved for pain relief with potential androgenic side effects but effective and well-tolerated at low doses for long-term use; and medroxyprogesterone acetate (MPA), including depot formulations, which is effective but associated with bone mineral density loss with prolonged use. According to major international guidelines, low-dose combined hormonal contraceptives (CHCs) and progestogens are standard first-line treatments for symptomatic endometriosis, effective in approximately two-thirds of symptomatic women (61).

Combined oral contraceptives (COCs) are commonly used off-label to suppress ovarian function and reduce symptoms, though evidence supporting their effectiveness is less robust, with about 50% of patients reporting partial or no symptom improvement. Emerging hormonal agents include selective progesterone receptor modulators (SPRMs) such as ulipristal acetate and mifepristone, which have shown promising results in ameliorating endometriosis-associated pain; however, their safety profile regarding potential liver toxicity and progesterone receptor-associated endometrial changes (PAEC) in endometriotic foci has not been proven with sufficient evidence. Selective estrogen receptor modulators (SERMs) like raloxifene have demonstrated variable effects, with some reducing lesion size in preclinical models but limited clinical applications due to scarce and low-quality evidence. Aromatase inhibitors, which inhibit local estrogen synthesis in endometriotic tissue and can reduce pain, are recommended only for resistant cases in combination with other hormonal agents due to adverse effects and limited clinical data.

Safety considerations for hormonal treatments include potential cancer risks. While no conclusive evidence links hormonal fertility treatments to increased breast, colon, cervical, or endometrial cancer risk, ovarian cancer risk may be modestly increased, potentially confounded by underlying conditions such as endometriosis or nulliparity. Borderline ovarian tumors (BOTs) have a weakly increased incidence among treated women, with progesterone use associated with higher BOT risk compared to clomiphene citrate (CC) or gonadotropins. Prolonged use of CC (>10 cycles) may elevate breast cancer risk. These findings emphasize the importance of counseling patients about possible small increased risks, particularly regarding ovarian cancer and BOTs (62).




4.3 Assisted reproductive technologies

Assisted Reproductive Technology (ART) has evolved from being primarily indicated as second-line treatment or for cases involving male factor infertility to assuming a more prominent role in managing endometriosis-associated infertility, driven by technological advancements, delayed childbearing trends, and improved clinical and laboratory techniques. The combined approach of surgery followed by ART has been shown to enhance pregnancy chances in infertile women with endometriosis, though pelvic surgery for endometriosis—particularly for ovarian endometriomas—carries risks of iatrogenic damage, including ovarian reserve loss, adhesion formation, and ischemic injury.

For intrauterine insemination (IUI), women with stage I/II endometriosis may benefit from IUI combined with controlled ovarian hyperstimulation (COH), as this strategy increases live birth rates; following surgery, IUI performed within six months can yield pregnancy rates comparable to those observed in cases of unexplained infertility. However, a large multicenter cohort study identified endometriosis as a risk factor for IUI treatment failure, and while combining IUI with ovarian stimulation (using clomiphene citrate or gonadotropins) improved outcomes, results were not stratified by disease stage. Notably, patients with minimal/mild endometriosis-associated infertility achieve lower success rates with stimulation and IUI compared to women with unexplained infertility, but ablation of minimal/mild endometriosis normalizes clinical pregnancy rates per cycle and cumulative birth rates, indicating that endometriosis exerts a reversible detrimental effect on fertility (11).

In vitro fertilization (IVF), including intracytoplasmic sperm injection (ICSI), is recommended for moderate-to-severe endometriosis, particularly in cases with ovarian endometriomas larger than 3 cm and/or deep infiltrating endometriosis, even when tubal patency and semen parameters are normal. IVF outcomes vary by disease stage: while less advanced stages show success rates similar to other infertility causes, advanced stages are associated with lower fertilization, implantation, and clinical pregnancy rates. The primary limiting factor for ART success in endometriosis patients is ovarian response to stimulation, as previous surgery and pelvic adhesions can reduce ovarian response and oocyte retrieval (9). A key debate regarding IVF outcomes centers on the relative contributions of oocyte quality versus endometrial receptivity. A study comparing donor oocyte recipient cycles with autologous IVF cycles in women with endometriosis found no significant difference in live birth rates (LBR), suggesting that impaired endometrial receptivity, rather than oocyte quality, is the predominant factor contributing to reduced LBR in these patients (63).

Tailored ART strategies are critical to optimizing outcomes in endometriosis patients. Pre-treatment with GnRH agonists for 3–6 months prior to ovarian stimulation may improve ART outcomes by reducing pelvic inflammation. Antagonist protocols are preferred due to their ability to facilitate dual stimulation cycles, enable safer triggering, and reduce the risk of ovarian hyperstimulation syndrome, thereby optimizing oocyte yield. For women with reduced ovarian reserve due to endometriosis, segmented or double stimulation protocols can help increase the number of oocytes retrieved. Additionally, controlled ovarian hyperstimulation (COH) for ART does not increase endometriosis recurrence rates compared to women not undergoing COH after surgery. Fertility preservation, particularly oocyte vitrification, should be considered in selected cases at risk of ovarian reserve compromise, such as those with bilateral ovarian endometriomas, recurrent disease, or prior surgery. While IVF is not recommended as first-line treatment for infertility in general, it should be considered for women with endometriosis who are 38 years or older.




4.4 Supportive and adjunctive therapies

Supportive and adjunctive therapies play a complementary role in addressing endometriosis-associated infertility by targeting underlying pathophysiological mechanisms such as oxidative stress, immune dysregulation, and pain. Among these, antioxidants and micronutrients have garnered attention as potential modifiable interventions. The Priority Setting Partnership for Infertility has identified investigating the usefulness of nutraceuticals in improving reproductive potential as a key research priority, emphasizing the need for well-conducted studies into diet and nutraceuticals to explore their role in managing infertility; this aligns with the broader goal of identifying modifiable risk factors and assessing whether treating these factors improves outcomes (64).

Immunomodulators, including agents targeting pro-inflammatory pathways, are another focus of supportive therapy. Pentoxifylline, an immunomodulator and anti-inflammatory agent, has been specifically investigated for endometriosis-associated infertility and pain management. Its rationale lies in modulating immune mechanisms implicated in endometriosis pathophysiology, such as inhibition of TNF-α and reduction of inflammatory activation in immune cells. However, a Cochrane systematic review encompassing five randomized controlled trials (415 women) found insufficient very low-quality evidence to support its effectiveness in improving clinical pregnancy rate (RR 1.38, 95% CI 0.91 to 2.10), live birth rate, overall pain, miscarriage rate (Peto OR 1.99, 95% CI 0.20 to 19.37), or endometriosis recurrence (RR 0.84, 95% CI 0.30 to 2.36), highlighting the need for higher-quality trials (65).

Novel devices for pain and symptom management offer ultralow-invasive options that may preserve ovulatory function, a critical consideration for reproductive-aged women. The Angel Touch device (AT-04), a portable magnetic fields irradiation device utilizing mixed alternative magnetic fields at 2 kHz and 83.3 MHz, has shown promise in preclinical and early clinical studies. Its pain control mechanism involves regulating nerve growth factors, locally inhibiting inflammatory cytokines, and activating the descending inhibitory system. A pilot study in five women with endometriosis-related dysmenorrhea reported significant improvement in dysmenorrhea and reduced endometriotic cyst size without adverse events. Currently, an ongoing phase III, multicenter, randomized, sham-controlled, double-blind trial is evaluating AT-04’s efficacy and safety for endometriosis-related pain (dysmenorrhea, dyspareunia, chronic pelvic pain), with the primary outcome being the change in Numeric Rating Scale score at 16 weeks (36).





4.5 Disease heterogeneity and subtype-specific therapeutic strategies

Endometriosis exhibits significant clinical and biological heterogeneity, encompassing diverse anatomical subtypes—superficial peritoneal endometriosis (SPE), ovarian endometriomas (OMA), and deep infiltrating endometriosis (DIE)—each with distinct pathophysiological features, symptom profiles, and fertility implications (13). This heterogeneity complicates diagnosis and treatment selection, underscoring the need for precision medicine approaches tailored to disease subtype and individual patient characteristics (Table 1).


Table 1 | Clinical features and precision treatment strategies for subtypes of endometriosis-associated infertility.
	Endometriosis subtypes
	Precise treatment strategy
	Reference



	Superficial peritoneal ectropion (SPE)
	1. Drug priority: low-dose combined oral contraceptives (COCs) or danone progesterone to inhibit lesion activity and inflammation;
2. Minimally invasive intervention: for those who are ineffective with drugs or the diameter of lesions>1cm, laparoscopic lesion ablation (bipolar electrocoagulation or laser ablation) was performed to avoid excessive damage to peritoneal blood vessels during operation;
3. Fertility management: Try to conceive actively within 3–6 months after surgery, and improve the conception rate during the period of inflammation relief
	Bonavina et al. (13), Chen et al (22), Gülden et al (29), Laura et al (61)


	Ovarian endometrioma (OMA)
	1. Surgical strategy: For cysts with diameter <4 cm, ultrasound-guided puncture and sclerotherapy (such as povidone-oligoglycol) were performed; for cysts with diameter ≥4 cm, laparoscopic “cyst stripping + tourniquet method” was used, and low-power bipolar electrocoagulation was used to stop bleeding during operation to protect ovarian tissue;
2. Postoperative management: serum AMH≥1.2ng/mL try natural conception or intrauterine artificial insemination (IUI);AMH<1.2ng/mL or directly perform IVF for advanced age (> 35 years old);
3. Adjuvant therapy: GnRH agonists (e.g., leuprolide) combined with anti-addition therapy were used in the short term (1–3 months) after surgery to suppress residual lesions
	Rafael et al. (15), Yangshuo et al (34), Gustavo et al (44), Hiroshi et al (45), Phillips et al


	Deep Infiltrating Endometriosis (DIE)
	1. Multidisciplinary surgery: Pancreatic resection was performed for intestinal infiltration range <90° and circumferential cases (postoperative pregnancy rate reached 51%); For extensive infiltration (e.g., intestinal circumference>90° or ureteral obstruction), segmental bowel resection was performed in combination with gastrointestinal surgery, and pregnancy was attempted again 6–12 months after surgery;
2. Postoperative maintenance: use of dienogestrel or GnRH antagonist for 3–6 months to inhibit residual lesions and improve endometrial receptivity;
3. Assisted reproduction: For those with unobstructed fallopian tubes but poor endometrial receptivity, frozen embryo transfer (FET) was performed after progesterone pretreatment; for those with blocked fallopian tubes, IVF was directly performed
	Lai et al (52), Jacques et al (53), Karen et al (54), Yohann et al (60), Kiwita et al







Superficial peritoneal lesions, often associated with cyclic pain and subtle anatomical disruption, may respond well to first-line hormonal therapies, particularly combined oral contraceptives and progestins. In contrast, ovarian endometriomas are strongly linked to diminished ovarian reserve and compromised oocyte quality, necessitating cautious surgical intervention and consideration of fertility preservation strategies such as oocyte vitrification. For patients with DIE, characterized by fibrotic, deeply invasive lesions often involving bowel, bladder, or uterosacral ligaments, fertility impairment results from both mechanical distortion and an inflammatory microenvironment. These cases frequently benefit from specialized conservative surgery by expert teams, sometimes followed by ART to optimize pregnancy outcomes.

Molecular and immune profiling further reveal subtype-specific differences. For instance, studies demonstrate distinct gene expression patterns and immune cell infiltrates between eutopic and ectopic tissues, and across lesion locations, suggesting variable responsiveness to immunomodulatory or microbiome-targeted therapies (27). Incorporating such biomarkers into clinical decision-making may enable stratification of patients for personalized interventions, including targeted hormonal suppression, immunotherapy (CGRP/RAMP1 blockade), or ferroptosis modulation.

Future therapeutic frameworks should thus integrate phenotypic, molecular, and patient-specific factors to guide individualized treatment. Subtype-directed care holds particular promise in infertility management, where aligning surgical, medical, and ART strategies to endometriosis phenotype can significantly improve reproductive outcomes while minimizing iatrogenic risks.





5 Emerging diagnostic biomarkers and predictive tools



5.1 Genetic and transcriptomic biomarkers

Genetic and transcriptomic biomarkers, particularly epigenetic regulators, have emerged as critical indicators for predicting endometriosis and associated infertility risks by modulating endometrial receptivity, decidualization, and implantation processes. Epigenetic mechanisms, encompassing histone modifications, chromatin remodeling, DNA methylation, and non-coding RNA regulation, are increasingly recognized as central to the pathophysiology of endometriosis-related infertility.

Histone-modifying enzymes represent key epigenetic markers. The histone methyltransferase EZH2 and its repressive mark H3K27Me3 are upregulated in endometrial stromal cells (ESCs) of endometriosis patients, contributing to defective decidualization. Hypoxia, a pathological feature of endometriosis, stabilizes EZH2 mRNA by reducing m6A RNA methylation through increased ALKBH5 (m6A demethylase) and decreased YTHDF2 (m6A reader), thereby enhancing EZH2 protein levels. EZH2 represses IGFBP1 (a decidualization marker) by increasing H3K27Me3 at the IGFBP1 promoter, impairing decidualization, while EZH2 knockdown or conditional deletion in mouse ESCs rescues decidualization defects and improves fertility (49). Additionally, histone deacetylases (HDAC1, HDAC2, HDAC3, SIRT1) are dysregulated in endometriosis, linking to inflammation, progesterone resistance, and fibrosis, further exacerbating infertility.

Chromatin remodeling factors also play a pivotal role. ARID1A, a chromatin remodeling protein, exhibits reduced expression in the eutopic endometrium of women with endometriosis, likely due to epigenetic regulation rather than genetic mutations. Uterine-specific deletion of Arid1a compromises gland development, diminishes Foxa2 and Lif expression, and disrupts the LIF-STAT3-EGR1 pathway, leading to implantation failure and subfertility. ARID1A directly binds the Foxa2 promoter to regulate its transcription, and reduced ARID1A correlates with decreased FOXA2 in both human and non-human primate endometriosis models (35).

DNA methylation modifiers, including DNA methyltransferases (DNMT1, DNMT3A, DNMT3B) and ten-eleven translocation (TET) methylcytosine dioxygenases (TET1, TET2, TET3), show altered expression in endometriosis, though findings may vary due to sample heterogeneity (cell types, menstrual cycle phases). For example, TET1 levels are decreased in the eutopic endometrium of infertile women with endometriosis, contributing to dysregulated DNA methylation patterns. Genome-wide DNA methylation studies reveal thousands of differentially methylated CpG sites in endometriotic lesions, affecting genes involved in hormone signaling (GATA family, progesterone receptor), immune regulation, and cell identity—critical for endometrial receptivity (38).

Transcriptomic biomarkers, particularly exosomal non-coding RNAs, are emerging as predictive tools. Exosomes derived from eutopic and ectopic endometrial cells in endometriosis patients exhibit altered profiles of miRNAs (miR-22-3p, miR-320a, miR-17, miR-106a), lncRNAs (LINC00998, NEAT1, PVT1), and circRNAs. These exosomal cargos regulate key implantation-related genes (HOXA10, LIF), inflammation, angiogenesis, and fibrosis, linking transcriptomic dysregulation to endometriosis pathophysiology and infertility (66).




5.2 Immune and inflammatory markers

Chronic inflammation and immune dysfunction are hallmark features of endometriosis, contributing to disease development and progression, with evidence from frequent co-occurrence with autoimmune diseases. The immune microenvironment in endometriosis is characterized by altered immune cell infiltration, such as increased proportions of macrophages M1 and M2, monocytes, CD4 memory resting T cells, and activated mast cells in ectopic tissues compared to eutopic endometrium. This immune dysregulation is accompanied by a pro-inflammatory milieu, driven by cytokines, immune checkpoint molecules, and inflammatory mediators, which are increasingly recognized as potential diagnostic biomarkers.

Pro-inflammatory cytokines play a central role in the pathophysiology of endometriosis, with elevated levels observed in both local (peritoneal fluid, ectopic lesions) and systemic (serum) compartments. Key cytokines implicated include IL-6, IL-1β, TNF-α, IL-8, and IL-17, which contribute to lesion attachment, proliferation, pain, impaired embryo development, and endometrial receptivity. Among these, TNF-α is highlighted as a critical driver, with elevated levels in serum and peritoneal fluid of patients with active lesions, and its altered balance with Th1/Th2 cytokines linked to embryo toxicity and endometrial dysfunction (25). Additionally, IL-16, derived from ectopic endometrial T cells via iron overload-induced caspase-3-GSDME-mediated pyroptosis, has emerged as a novel pro-inflammatory mediator; its levels are elevated in cystic fluid and serum of patients with ovarian endometriosis, correlating with inflammation markers and disease progression, suggesting diagnostic potential (67).

Immune checkpoint molecules, which regulate immune tolerance, are also dysregulated in endometriosis. For instance, increased exhausted PD1+ natural killer (NK) cells have been reported in advanced stages of the disease, indicating a role for immune checkpoint dysregulation in disease progression and potential as a diagnostic target.

Beyond cytokines and checkpoint molecules, other inflammatory mediators and pathways contribute to the pro-inflammatory microenvironment. Reactive oxygen species (ROS) and dysregulated iron homeostasis promote oxidative stress and immune dysregulation through activation of the NF-κB pathway, impairing macrophage phagocytic activity and contributing to resistance to ferroptosis (68). Complement component C3 production and activation of complement and coagulation cascades, as highlighted by single-gene Gene Set Enrichment Analysis of immune-related biomarkers (CXCL12, PDGFRL, AGTR1, PTGER3, S1PR1), further support the involvement of inflammatory pathways in disease pathogenesis (69).

While several immune and inflammatory markers show promise, their clinical reliability remains insufficient. Integrated approaches, such as transcriptomic and bioinformatics analyses, have identified key immune cell-related genes (CXCL12, PDGFRL, AGTR1, PTGER3, S1PR1) with robust diagnostic potential, and emerging strategies like miRNA signatures and immunophenotyping of menstrual effluent may enhance diagnostic accuracy. Further validation of these markers, particularly their specificity and sensitivity across disease stages, is needed to translate them into clinical practice.




5.3 Microbiome-based and coagulation biomarkers

Microbiome profiling and coagulation factors have emerged as promising non-invasive diagnostic candidates for endometriosis, offering potential insights into disease pathogenesis and clinical management. While microbiome-based biomarkers are an area of growing interest, recent advances in understanding coagulation factors have provided substantial evidence for their diagnostic utility. A key study investigating coagulation factors employed a two-sample Mendelian randomization (MR) approach using large-scale genome-wide association study (GWAS) summary statistics from the UK Biobank (4354 cases, 217,500 controls) and FinnGen (8288 cases, 68,969 controls) cohorts to explore causal associations between 11 coagulation factors and endometriosis risk. These factors, including vWF (von Willebrand factor), ADAMTS13, aPTT, FVIII, FXI, FVII, FX, ETP, PAI-1, protein C, and plasmin, were grouped by their roles in platelet adhesion, intrinsic and extrinsic pathways, common pathways, and fibrin dissociation.

Results from this study demonstrated a strong negative causal effect of genetically predicted plasma ADAMTS13 levels on endometriosis risk (protective factor), consistent across both cohorts and meta-analysis; conversely, plasma vWF levels showed a positive causal association with endometriosis risk (risk factor). Further MR analyses on endometriosis sub-phenotypes revealed that ADAMTS13 had a negative causal association with ovarian, pelvic peritoneum, and uterine endometriosis, while vWF exhibited positive causal effects on ovarian and pelvic peritoneum endometriosis. The biological functions of ADAMTS13 and vWF are interrelated, with ADAMTS13 regulating thrombotic activity by cleaving ultra-large vWF multimers; this balance influences hemostasis, inflammation modulation, angiogenesis, and tissue remodeling, which are key processes implicated in endometriosis pathogenesis. Collectively, these findings suggest that coagulation factors, specifically ADAMTS13 and vWF, represent promising non-invasive biomarkers and potential therapeutic targets in the diagnosis and management of endometriosis, highlighting their role in hypercoagulability and chronic inflammation observed in the disease (70).

While a wide range of potential biomarkers—including CA-125, various microRNAs, and immune-related molecules—have been identified for the diagnosis and monitoring of endometriosis, their clinical utility remains limited (71). Most currently proposed biomarkers suffer from inadequate sensitivity and specificity, particularly in early-stage disease or asymptomatic patients. Moreover, the majority of supporting studies are based on small, single-center cohorts and lack external validation, thereby restricting their generalizability.

Emerging approaches involving biomarker panels and multi-omics technologies (such as proteomics and miRNA expression profiling) offer promising avenues for improving diagnostic accuracy. However, these tools are still in the investigational stage, and their transition into clinical practice demands rigorous validation through large-scale, multicenter studies. Consequently, the application of these biomarkers in routine clinical settings should be approached with caution, and further research is needed to determine their true value in guiding diagnosis, treatment selection, and disease monitoring.





6 Novel therapeutic avenues and future directions



6.1 Immunotherapy and targeted molecular treatments

Recent studies have identified the calcitonin gene-related peptide (CGRP)/receptor activity modifying protein 1 (RAMP1) signaling axis as a critical player in endometriosis pathophysiology, with implications for both lesion development and pain generation (21). Endometriosis lesions from both human patients and mouse models express CGRP and its coreceptor RAMP1, highlighting the potential relevance of this pathway across species. Mechanistically, TRPV1+ nociceptors release CGRP, which acts through RAMP1 to shift macrophage polarization toward a pro-endometriosis phenotype (pro-endometriosis macrophages, PEMs); these PEMs exhibit impaired efferocytosis and promote endometrial cell growth. Single-cell RNA sequencing further revealed that macrophages, particularly small peritoneal macrophages (SPMs), express RAMP1 and are responsive to CGRP, thereby contributing to lesion growth and pain. Importantly, blocking CGRP/RAMP1 signaling using four FDA-approved drugs—anti-CGRP antibodies fremanezumab and galcanezumab, and RAMP1 antagonists rimegepant and ubrogepant—has been shown to reduce mechanical hyperalgesia, spontaneous pain, and lesion size in a mouse model of endometriosis. Additionally, targeted deletion of Ramp1 specifically in macrophages diminished pain-related behaviors and reduced lesion size and number, confirming the key role of CGRP/RAMP1-mediated nociceptor-to-macrophage communication as a novel avenue for immunotherapy and targeted molecular treatment in endometriosis, addressing both pain and lesion development.




6.2 Ferroptosis modulation and oxidative stress control

Iron overload resulting from periodic bleeding is a characteristic feature of endometriosis, which contributes to oxidative stress and plays a crucial role in the pathogenesis of endometriosis and its associated infertility. Ferroptosis, a form of programmed cell death dependent on iron and lipid reactive oxygen species (ROS), distinct from apoptosis, has been implicated in endometriosis. Notably, endometriotic cells exhibit resistance to ferroptosis, while granulosa cells remain highly susceptible to this process.

The ferroptosis pathway involves several critical mechanisms: iron uptake via transferrin receptor, ferritinophagy mediated by nuclear receptor coactivator 4 (NCOA4), iron export through ferroportin regulated by hepcidin, accumulation of lipid peroxides via the Fenton reaction, and antioxidant defense via glutathione peroxidase 4 (GPx4) and glutathione (GSH). In endometriotic cells, ferroptosis resistance mechanisms are up-regulated, including increased expression of GPx4 and GSH, and fibulin 1 (FBLN1) which inhibits ferroptosis, thereby promoting cell survival and lesion progression. Conversely, granulosa cells show reduced GPx4 expression and ferritinophagy-mediated iron overload, leading to heightened susceptibility to ferroptosis and impaired oocyte quality (45).

Therapeutic approaches targeting these pathways have been explored. Ferroptosis inducers, such as erastin, promote lipid ROS accumulation and selectively kill endometriotic cells in in vitro and animal models. On the other hand, ferroptosis inhibitors, including ferrostatin-1, iron chelators, and antioxidants, have shown potential in protecting granulosa cells from ferroptosis and oxidative damage, though clinical evidence supporting these strategies is currently lacking.




6.3 Microbiota manipulation and metabolic interventions

Microbiota manipulation and metabolic interventions represent emerging innovative therapeutic strategies in the management of endometriosis-associated infertility, with growing evidence supporting their potential through modulation of gut microbial communities and targeting of key metabolic pathways. Dietary approaches, such as the Mediterranean diet (MD), have been explored for their role in influencing these pathways, with studies highlighting associations between MD adherence and improvements in reproductive health outcomes.

In the context of endometriosis, an experimental study demonstrated that adherence to the MD over 5 months resulted in a significant reduction in general pain and improvement in overall condition among women with laparoscopically confirmed endometriosis-associated pain, although this study was limited by the absence of a control group and reliance on self-reported adherence. The beneficial effects of the MD are hypothesized to stem from its anti-inflammatory and antioxidant properties, attributed to components such as extra virgin olive oil, vegetables, fruit, and long-chain omega-3 fatty acids, which may mitigate endometriosis risk and symptoms, whereas trans-fats and high red meat intake have been linked to increased risk.

For infertility, multiple prospective cohort studies have reported associations between higher MD adherence and improved outcomes in assisted reproductive technologies (ART), including increased numbers of available embryos, fertilized oocytes, clinical pregnancy rates, and live births, with some studies finding no association with pregnancy loss. The antioxidant components of the MD—such as polyphenols, vitamins C and A, β-carotene, folate, and dietary fiber—may enhance reproductive tract antioxidant status, counteract oxidative stress, and protect against reactive oxygen species-related damage, thereby supporting fertility. Additionally, gut microbiota modulation by dietary fiber, a key MD component, is thought to influence immune system responses and oxidative stress, processes relevant to reproductive health conditions including infertility. Collectively, these findings support the role of fecal microbiota influences and metabolic pathways (oxidative stress, inflammation) as underlying mechanisms for the beneficial effects of the MD in reproductive health, highlighting microbiota manipulation and metabolic interventions as promising avenues for further exploration (72).




6.4 Integration of multidisciplinary and personalized approaches

The management of endometriosis-associated infertility is increasingly recognizing the necessity of individualized, multimodal care that integrates emerging scientific insights with patient-centered strategies. Enhancing understanding of the underlying mechanisms of menstruation-related disorders, including endometriosis, is pivotal to advancing personalized care, as highlighted in a comprehensive initiative that brought together investigators and stakeholders across multiple disciplines, including population health, public sectors, and patient-facing organizations. This collaborative approach, exemplified by the 2018 “Menstruation: Science and Society” meeting, emphasized incorporating the patient voice from the outset, aiming to bridge basic physiology with clinical challenges in diagnostics, treatment, and education (73).

A cornerstone of such personalized care is the inclusion of patient-reported outcome measures (PROMs) into electronic health records, which has the potential to transform comparative effectiveness research and enhance patient-centered management. Additionally, digital health tools, such as mobile health (mHealth) apps, offer innovative platforms for patient engagement and focused data analysis, facilitating direct communication of information to women and promoting their active involvement in their care. Standardization of terminology and data collection in menstrual health research is also critical, as it promotes consistency and enables the integration of diverse data sources to tailor interventions to individual patient needs.

Addressing broader societal implications, including stigma associated with menstruation and endometriosis, requires targeted health communication strategies accessible to groups with low literacy, ensuring that care is equitable and inclusive. Furthermore, involving women and advocacy groups in study design and dissemination shifts the focus toward optimizing overall women’s health, aligning with the increasing desire for fertility preservation and uterine health among women who may delay pregnancy. By fostering interdisciplinary collaboration across scientific, clinical, and social science disciplines, and engaging patient-facing organizations, innovative solutions can be developed to address the complex needs of women with endometriosis-associated infertility across the reproductive lifespan.

Despite the comprehensive synthesis of pathophysiological mechanisms and therapeutic strategies in endometriosis-associated infertility, current evidence is limited by methodological biases, including predominance of observational studies and insufficient RCTs. A considerable proportion of studies are observational in nature—such as retrospective cohort or case-control designs—rendering them prone to selection bias and confounding, thereby limiting causal inference. For instance, the widely cited study by Barri et al. employed a retrospective cohort design to assess surgical outcomes, yet lacked randomization or blinding, which diminishes the internal validity of the findings (29). Similarly, Gupta et al. noted that much of the evidence linking oxidative stress to infertility in endometriosis derives from small-scale or non-randomized studies (10). Moreover, high-quality randomized controlled trials (RCTs) remain scarce: a Cochrane review by Bafort et al. concluded that, although laparoscopic surgery may improve fertility in minimal-to-mild endometriosis, the evidence is based on only three RCTs with moderate methodological quality (12). This scarcity of rigorous trials hampers the development of standardized, evidence-based treatment algorithms. Future research should prioritize large-scale, multicenter RCTs with well-defined outcomes and standardized staging systems to enhance the reliability and generalizability of therapeutic recommendations.





7 Conclusion

Endometriosis-associated infertility results from complex interactions among hormonal, immune, inflammatory, oxidative, genetic, and microbiome-related factors. Key mechanisms include estrogen dominance with progesterone resistance, immune dysfunction, oxidative stress-induced ferroptosis, and disrupted endometrial receptivity. These processes collectively impair ovarian reserve, oocyte quality, implantation, and pelvic anatomy.

While current treatments—including surgery, hormonal therapy, and ART—offer varying success depending on disease stage and phenotype, emerging strategies such as immunotherapy, ferroptosis modulation, and microbiota-based interventions show promise. Advances in biomarker discovery may further enable non-invasive diagnosis and personalized therapy.

To improve outcomes, an integrated, patient-centered approach that combines mechanistic insights, individualized treatment, and digital health tools is essential. Ongoing research is critical to fully elucidate the disease and optimize fertility care.
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Testosterone levels B (95% Cl)

Model 2 P-value
Continuous -154.07 (-168.56~-139.58) <0.001 -155.89 (-170.83~-140.96) <0.001 -111.97 (-127.89~-96.06) <0.001
Quantile 7
Q1 0.00 (Reference) 0.00 (Reference) 0.00 (Reference)
Q -54.90 (-70.00~-39.81) <0.001 -5331 (-68.39~-38.23) <0.001 -34.27 (-48.86~-19.68) <0.001
Q3 -110.96 (-126.05~-95.87) <0.001 -110.49 (-125.73~-95.25) <0.001 -77.34 (-92.53~-62.16) <0.001
Q4 -146.87 (-161.96~-131.79) <0.001 -147.35 (-162.79~-131.91) <0.001 -104.78 (-120.89~-88.66) <0.001
P for trend <0.001 <0.001 <0.001

Model 1 was not adjusted.

Model 2 was adjusted for age, race, education level, marital status, and PIR.

Model 3 was adjusted for age, race, education level, marital status, PIR, BMI, disease condition, physical activity, sedentary behavior, smoking status, alcohol use, disease, and laboratory
test indicators.
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Age 0.133 CKD <0.001
20-40 483 (297 ~ 7.84) <0.001 No 391 (299 ~ 5.11) <0001
41-60 321 (225 ~ 4.59) <0.001 Yes 233 (1.4 ~ 3.79) <0001
Moderate
61-80 344 (224 ~ 5.28) <0.001 recreational 0423
activities
Race 0.223 Yes 3.88 (2.69 ~ 5.60) <0001
Mexican American 626 (3.13 ~ 12.54) <0.001 No 326 (241 ~ 4.42) <0001
Other Hispanic 2.90 (1.22 ~ 6.87) 0.016 Hypertension 0.090
Non-Hispanic white 4,06 (2.79 ~ 5.91) <0.001 No 455 (3.20 ~ 6.47) <0001
Non-Hispanic Black 256 (151 ~ 435) <0.001 Yes 283 (206 ~ 3.87) <0001
3‘1:12‘;:5; Including ', 25 (2.48 ~ 9.29) <0.001 Hyperlipidemia 0.466
Education level 0.228 No 348 (233 ~ 5.19) <0001
Less than 12th grade 327 (197 ~ 5.45) <0.001 Yes 3.64 (273 ~ 4.86) <0001
gg; :Crh:::ﬁ::rw 322 (197 ~ 5.26) <0.001 Smoking 0.005
S:’E;iif“dum 382 (277 ~ 527) <0.001 Never 484 (3.39 ~ 6.91) <0001
Marital status 0.001 Past 348 (229 - 59) <0001
Married and living 474 (3.57 ~ 629) <0.001 Now 1.95 (117 ~ 3.24) 0010
with partner
Living alone 1.76 (1.14 ~ 2.71) 0.011 Drinking 0.005
PIR 0.605 Never 1201 (424 ~ 34.01) <0001
<10 331 (1.93 ~ 5.68) <0.001 Past 162 (063 ~ 4.14) 0315
11-40 362 (261 ~ 501) <0.001 Now 329 (2.56 ~ 4.22) <0001
540 346 (222 ~ 539) <0.001 Diabetes 0.940
BMI 0.095 Yes 3.68 (217 ~ 6.22) <0001
<25 245 (135 ~ 4.44) 0.003 No 342 (262 ~ 4.47) <0001
25-30 473 (321 ~ 6.98) <0.001 Pre-diabetes 17.61 (0.82 ~ 375.82) 0.066
30 352 (246 ~ 5.02) <0.001 Sedentary activity 0.101
cvD 0.404 No 3.18 (221 ~ 4.55) <0001
No 344 (268 ~ 4.42) <0.001 Yes 387 (285 ~ 5.27) <0001
Yes 451 224~ 9.10) <0.001

Bold values indicate statistically significant differences (P-value < 0.05).





OPS/images/fendo.2025.1576998/crossmark.jpg
©

2

i

|





OPS/images/fendo.2025.1576998/fendo-16-1576998-g001.jpg
*  T2DM-MCI

06 08 1.0

0.4

0.0

Hippocampus

Occipital lobe

Parictal lobe

Temporal lobe

(oo 1/1w46)

3] trr,m
b=
: .
g ce ofggee
“ oy
»
of
HEe o oo
#
4
I Ly
R
»
*
- r -
T T v U
2 3 =3 &





OPS/images/fendo.2025.1714212/crossmark.jpg
©

2

i

|





OPS/images/fendo.2025.1594158/fendo-16-1594158-g001.jpg
* % %k *k

(Jw/Bu) -S|





OPS/images/fendo.2025.1588965/fendo-16-1588965-g003.jpg
Sensitivity analysis 1 Sensitivity analysis 2 Sensitivity analysis 3

524-0587) S o AUC: 0594 (0.548-0.642) 2 | AUC: 0499 (0453-0546)
519-0.609) AUC: 0.590 (0.545-0.636) AUC: 0515 (0.467-0.559)
557-0.618) AUC: 0.624 (0.577-0.667) AUC: 0.544 (0.501-0.588)
556-0.618) AUC: 0.621 (0.577-0.666) AUC: 0.544 (0.499-0.589)
545-0.605) 2 -+ auc: 0.590 (0.542-0.638) 2+ AUc 0538 (0.492-0.586)
557-0.618 AUC: 0.621 (0.574-0.668) ALIC: 0544 (0 499-0 58!
533-0.598) AUC: 0.581 (0.539-0.635) AUC: 0.539 (0.489-0.583)
557-0 AUC 0545 (0.497-0.592)
3 3
— ABsI — ABsI — ABsI
— W — Wl — Ww
o — BRI o | — BRI o — BRI
= — WHR = — WHIR = — WHR
—— NHHR —— NHHR —— NHHR
~ RFM ~— RFM ~ RFM
— BMmI — BMI — BMI
2+ — wc = — wC = — weC
T T T T T T T T T T T T “T T T T T T
0.0 02 04 0.6 0.8 1.0 0.0 0.2 04 0.6 08 1.0 0.0 02 04 0.6 0.8 10

1 - Specificity 1 - Specificity 1 - Specificity





OPS/images/fendo.2025.1588965/table1.jpg
Characte

Age (years) 29.77 (7.18) 3239 (7.69) 32.89 (7.22) 3353 (7.35) 33.74 (7.26) <0.001
College graduate or above [n, (%)] 245 (0.43) 206 (0.36) 149 (0.26) 103 (0.18) 95 (0.17) <0.001
Non-Hispanic white [n, (%)] 108 (0.19) 96 (0.17) 113 (0.20) 131 (0.23) 160 (0.28) <0.001
Current no-smoking [n, (%)] 423 (0.74) 430 (0.75) 418 (0.73) 421 (0.73) 361 (0.63) <0.001
Regular exercise [n, (%)] 302 (0.53) 294 (0.51) 249 (0.43) 249 (0.43) 239 (0.42) <0.001
Alcohol intake (drinks/week) 4.04 (41.6) 231 (1.63) 2.3 (1.59) 429 (41.61) 2.59 (2.12) 0.790

Married [n, (%)] 222 (0.39) 283 (0.49) 253 (0.44) 249 (0.43) 254 (0.44) <0.001
Total energy (kcal/day) 1922.03 (800.72) 1823.59 (644.51) 1807.84 (630.48) 1854.61 (694.10) 1872.18 (744.5) 0.461

AHEI sore 34.64 (10.00) 3421 (9.01) 3392 (8.71) 3333 (8.23) 319 (8.22) <0.001
SIT 484.75 (241.22) 510.3 (288.05) 539.53 (371.18) 579.36 (289.27) 625.01 (306.71) <0.001
Systolic Blood Pressure (mmHg) 107.97 (9.73) 110.85 (11.63) 111.9 (11.97) 115.66 (13.65) 120.34 (13.8) <0.001
Diastolic Blood Pressure (mmHg) 66.29 (8.63) 67.42 (10.04) 67.91 (11.10) I 69.55 (10.75) 7242 (11.55) <0.001
Cancer [n, (%)] 11 (0.02) 14 (0.02) 12 (0.02) 14 (0.02) 19 (0.03) <0.001
CVD [n, (%)] 7 (0.01) 7 (0.01) 6(0.01) 10 (0.02) 28 (0.05) 0.595

T2DM [n, (%)] 2(0) 9 (0.02) 25 (0.04) ‘ 45 (0.08) 83 (0.14) <0.001
BMI (kg/mz) 207 (1.93) 2439 (2.25) 28.08 (2.93) 32.8 (3.46) 4178 (6.82) <0.001
WC (cm) 74.57 (4.68) 84.12 (4.33) 93.03 (4.83) 103.92 (5.94) 124.15 (13.08) <0.001
BRI ‘ 261 (0.41) 3.76 (0.32) 4.95 (0.38) | 6.55 (0.56) 9.92 (2.25) <0.001
REM 3.4 (2.44) 37.56 (1.21) 41.39 (1.04) 45.05 (1.09) 49.79 (2.19) <0.001
ABSI 77.63 (3.62) 78.97 (4.08) 79.73 (4.54) 80.36 (4.65) 81.56 (4.53) <0.001
WWI 10.07 (0.43) 10.57 (0.46) 10.95 (0.50) 11.33 (0.54) 11.94 (0.60) <0.001
NHHR 1.64 (0.62) 2,01 (0.84) 2,51 (1.13) 2.84 (1.14) 3.07 (1.43) <0.001
WHIR 0.46 (0.02) 0.52 (0.02) 0.58 (0.02) 0.65 (0.02) 0.77 (0.07) <0.001

Continuous variables are expressed as mean (SD); Categorical variables are expressed as n (%); Generalized linear models and 2 test were used to probe for differences in continuous variables
and categorical variables; Q, quintile.
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1 Q2 3 Q4 Q5

ABSI <75.96 75.96-78.38 78.38-78.39 78.39-83.53 >83.53

Case/n 51/575 62/575 64/575 63/575 90/575

Modell 1 (Ref)) 1.17 (0.79,1.75) 1.16 (0.78,1.72) 1.07 (0.72,1.60) 1.65 (1.14,2.40) 0.023
Model2 1 (Ref)) 1.17 (0.79,1.74) 1.15 (0.78,1.72) 1.07 (0.72,1.59) 1.64 (1.13,2.39) 0.025
Model3 1 (Ref)) 1.19 (0.80,1.78) 1.18 (0.79,1.75) 1.07 (0.72,1.60) 1.65 (1.14,2.42) 0.027
WwW1 <1025 10.25-10.70 10.71-11.14 11.15-11.66 21166

Case/n 47/575 51/575 64/575 78/575 90/575

Modell 1 (Ref)) 0.99 (0.65,1.51) 1.26 (0.84,1.90) 1.53 (1.03,2.28) 1.78 (1.21,2.64) <0.001
Model2 1 (Ref)) 0.99 (0.65,1.50) 1.26 (0.84,1.89) 1.52 (1.03,2.27) 1.77 (1.20,2.63) <0.001
Model3 1 (Ref)) 0.97 (0.64,1.49) 1.24 (0.83,1.86) 151 (1.02,2.26) 1.71 (1.152.57) <0.001
BRI <322 322-4.32 433-5.65 5.66-7.55 2755

Case/n 45/575 51/575 60/575 76/575 98/575

Modell 1 (Ref) 1.01 (0.66,1.55) 1.24 (0.82,1.88) 1.64 (1.10,2.47) 2.13 (1.45,3.16) <0001
Model2 1 (Ref)) 1.01 (0.66,1.55) 124 (0.82,1.89) 1.64 (1.10,2.47) 2.11 (1.443.15) <0.001
Model3 1 (Ref)) 1.01 (0.66,1.55) 1.24 (0.82,1.89) 1.64 (1.09,2.49) 2,09 (1.39,3.19) <0.001
WHTR <049 0.49-0.54 0.55-0.60 0.61-0.69 2069

Case/n 45/575 51/575 60/575 76/575 98/575

Modell 1 (Ref)) 1.01 (0.66,1.55) 124 (0.82,1.88) 1.64 (1.10,2.47) 2.13 (1.453.16) <0.001
Model2 1 (Ref)) 1.01 (0.66,1.55) 1.24 (0.82,1.89) 1.64 (1.10.2.47) 2.1 (1.44,3.15) <0.001
Model3 1 (Ref)) 1.01 (0.66,1.55) 124 (0.82,1.89) 1.64 (1.09,2.49) 209 (1.39,3.19) <0.001
NHHR <147 147-19.1 1.92-2.42 243-3.20 2320

Case/n 42/573 53/577 70/574 83/576 82/575

Modell 1 (Ref)) 1.25 (0.82,1.92) 171 (1.14,2.59) 1.98 (1.33,2.97) 1.80 (1.21,2.71) <0.001
Model2 1 (Ref)) 1.25 (0.82,1.92) 1.70 (1.14,2.58) 1.96 (1.32,2.95) 1.79 (1.20,2.70) <0.001
Model3 1 (Ref) 1.25 (0.82,1.93) 1.72 (1.15,2.60) 1.92 (1.28,2.90) 1.71 (1.14,2.59) 0.002
REM <35.38 35.38-39.57 39.58-43.22 43.23-46.90 246.90

Case/n 45/575 51/575 60/575 76/575 98/575

Modell 1 (Ref)) 1.01 (0.66,1.55) 1.24 (0.82,1.88) 1.64 (1.10,2.47) 2.13 (1.45,3.16) <0.001
Model2 1 (Ref)) 1.01 (0.66,1.55) 124 (0.82,1.89) 1.64 (1.10,2.47) 211 (1.443.15) <0.001
Model3 1 (Ref)) 1.01 (0.66,1.55) 1.24 (0.82,1.89) 1.64 (1.09,2.49) 209 (1.39,3.19) <0.001
BMI <2230 22.30-25.99 26.00-30.19 30.20-35.89 23589

Case/n 47/565 56/576 50/581 76/573 101/580

Modell 1 (Ref)) 1.07 (0.71,1.63) 0.95 (0.62,1.46) 1.55 (1.04,2.31) 212 (1.46,3.14) <0.001
Model2 1 (Ref)) 1.08 (0.71,1.63) 095 (0.62,1.47) 1.54 (1.04.2.31) 212 (1.453.13) <0.001
Model3 1 (Ref)) 1.08 (0.71,1.63) 0.96 (0.62,1.48) 1,53 (1.02,2.30) 2.10 (1.403.18) <0.001
weC <79.70 79.70-88.39 88.40-97.79 97.80-110.82 211082

Case/n 45/574 45/574 65/574 71/578 104/575

Modell 1 (Ref)) 0.87 (0.56,1.35) 133 (0.88,2.01) 1.44 (096,2.18) 227 (1.55337) <0.001
Model2 1 (Ref)) 0.88 (0.57,1.36) 1.33 (0.88,2.01) 1.44 (096,2.18) 2.26 (1.54,3.35) <000
Model3 1 (Ref)) 0.86 (0.55,1.34) 1.35 (0.89,2.05) 1.44 (096,2.19) 228 (1.52,347) <0.001

Model 1 was adjusted by age, race, education level, smoking status, moderate physical activity, marital status, annual household income and alcohol intake; Model 2 was further adjusted by total
energy intake and AEHI; Model 3 was further adjusted by T2DM status, cancer status, CVD status, SII, systolic blood pressure and diastolic blood pressure; Case/N, number of case subjects/total;
Q quintile.
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Hyperuricemia OR (95% Cl)

RC/HDL-C
Model 2 P Value P Value
Continuous 2.55 (2.30-2.83) <0.001 o (2.43-3.02) <0.001 1.98 (1.76-2.24) <0.001
Quantile
Q1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Q2 1.66 (1.43-1.94) <0.001 1.67 (1.43-1.95) <0.001 147 (1.25-1.73) <0.001
Q3 2.62 (2.26-3.03) ‘ <0.001 2.68 (2.31-3.11) <0.001 2.10 (1.79-2.47) <0.001
Q4 3.82 (3.31-4.40) <0.001 4.10 (3.54-4.74) <0.001 283 (240-332) <0.001
P for trend <0.001 <0.001 <0.001

Model 1 was adjusted for none.
Model 2 was adjusted for gender, age, race, education level, marital status and PIR.
Model 3 was adjusted for gender, age, race, education level, marital status, PIR, BMI, physical activity, smoking status, alcohol use, disease, and Laboratory test indicators.
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P for

Subgroup [OR (95% CI)] @ P Value

Interaction
Gender ‘ <0.001
Male 1.65 (1.43 ~ 1.91) <0.001
Female 2.78 (2.24 ~ 3.45) <0.001
Education level ‘ 0.003
Less than 12th grade 1.63 (1.29 ~ 2.06) <0.001
Hg;;‘:::z;i;:j‘;:e/ 191 (149 ~ 2.45) <0.001
Conzfeai ii“ate 222 (1.8 ~ 2.62) <0.001
Hypertension ’ <0.001
Yes 1.76 (1.50 ~ 2.06) <0.001
No 2.22 (1.86 ~ 2.66) <0.001
Diabetes ’ <0.001
Yes 147 (111 ~ 1.94) 0.007
No 2,07 (1.81 ~ 2.38) <0.001
Pre-diabetes 3.03 (1.53 ~ 5.98) 0.001
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Participant No. (weighted, %)

Characteristics P Value
With hyperuricemia Without hyperuricemia

N 11915 2376 (19.1%) 9539 (80.9%)
Gender <0.001
Male 5767 1253 (53.4%) 4514 (46.9%)
Female 6148 1123 (46.6%) 5025 (53.1%)
Age <0.001
20-40 3677 541 (27.4%) 3136 (34.7%)
41-60 4147 766 (36.5%) 3381 (40.6%)
61-80 4091 1069 (36.1%) 3022 (24.7%)
Race <0.001
Mexican American 1576 217 (4.8%) 1359 (7.6%)
Other Hispanic 1114 173 (3.9%) 941 (5.3%)
Other Race 9225 1986 (91.3%) 7239 (81.7%)
Education level 0.011
Less than 12th grade 2522 476 (12.7%) 2046 (13.9%)
High school graduate/GED or equivalent 2669 585 (24.1%) 2084 (22.1%)
College graduate or above 6724 1315 (63.1%) 5409 (64.0%)
Marital status 0.028
Married and living with partner 7346 1418 (64.4%) 5928 (66.3%)
Living alone 4569 958 (35.6%) 3611 (33.7%)
[ PIR 0.428
<10 2269 432 (12.0%) 1837 (12.8%)
1.1-4.0 6338 1287 (49.5%) 5051 (48.7%)
> 40 3308 657 (38.5%) 2651 (38.5%)
Smoking < 0.001
Never 6553 1227 (51.1%) 5326 (55.5%)
Former 3136 755 (33.0%) 2381 (25.5%)
Current 2226 394 (15.9%) 1832 (19.0%)
Drinking 0.074
Never 1572 305 (9.8%) 1267 (10.1%)
Former 1851 405 (14.4%) 1446 (12.5%)
Current 8492 1666 (75.8%) 6826 (77.4%)
Diabetes <0.001
Yes 1644 460 (14.9%) 1184 (9.0%)
No 9968 1833 (81.6%) 8135 (89.0%)
Pre-diabetes 303 83 (3.5%) 220 (2.1%)
Hypertension <0.001
Yes 4706 1423 (54.7%) 3283 (30.6%)
No 7209 953 (45.3%) 6256 (69.4%)
Hypercholesterolemia <0.001
Yes 4632 1094 (44.6%) 3438 (35.0%)
No 7383 1282 (55.4%) 6101 (65.0%)
CVvD <0.001
Yes 1431 451 (15.0%) 980 (8.4%)
No 10484 1925 (85.0%) 8559 (91.6%)
Vigorous recreational activities < 0.001
Yes 2719 404 (19.6%) 2315 (28.5%)
No 9196 1972 (80.4%) 7224 (71.5%)
Moderate recreational activities < 0.001
Yes 5189 950 (46.3%) 4239 (49.1%)
No 6726 1426 (53.7%) 5300 (50.9%)
BMI 11915 32.78 + 8.02 (32.86 + 7.78) 28.51 + 6.48 (28.39 + 6.44) <0.001
Albumin 11915 41.73 + 3.47(42.10 + 338) 41.90 + 349 (4222 + 3.40) 0.031
ALT 11915 27.96 + 20.52 (29.33 + 20.33) 23.80 + 16.24 (23.88 + 15.34) <0.001
AST 11915 27.27 + 16.45 (27.41 + 15.19) 24.60 + 19.45 (24.31 £ 16.40) <0.001
ALP 11915 72.26 + 24.28 (70.75 + 24.50) 69.73 + 25.43 (67.53 + 24.29) <0.001
BUN 11915 5.94 +3.04 (5.71 + 2.64) 4.68 + 1.80 (4.70 + 1.67) <0.001
CR 11915 93.01 + 49.09 (89.30 + 44.61) 76.80 + 40.18 (75.88 + 31.44) <0.001
RC/HDL-C 11915 0.64 + 0.45 (0.66 + 0.44) 0.47 + 038 (0.46 + 0.38) <0.001

Continuous variables were presented as mean with standard deviation (mean t S), and categorical variables were expressed as proportion. Continuous variables were analyzed via one-way

ANOVA; categorical variables were analyzed using the Chi-square test or the Fisher’s exact test, and P-value less than 0.05 was considered statistically significant.
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Characteristic

With TD

Participant no. (weighted, %)

Without T

N

Age

20-40

41-60

61-80

Race

Mexican American

Other Hispanic

Non-Hispanic white

Non-Hispanic Black

Other Race - Including Multi-Racial
Education level

Less than 12th grade

High school graduate/GED or equivalent
College graduate or above

Marital status

Married and living with partner
Living alone

PIR

BMI

<25

25-30

=30

Smoking
Never

Past

Now

Drinking
Never

Past

Now

Diabetes

Yes

No

Pre-diabetes
Hypertension
No

Yes
Hyperlipidemia
No

Yes

CVvD

Yes

No

CKD

Yes

No

Moderate recreational activities
Yes

No

Sedentary activity
Yes

No
eGFR (ml/min/1.73 m?)
Albumin (g/L)

ALT (U/L)

AST (U/L)

ALP (U/L)

BUN (mmol/L)

Calcium (mmol/L)

Creatinine (umol/L)

Gamma glutamyl transferase (U/L)

Phosphorus (mmol/L)
Total bilirubin (umol/L)

Total protein (g/L)
Uric acid (umol/L)

HDL-C (mmol/L)
Triglycerides (mmol/L)

AIP

Continuous variables were presented as mean with standard deviation (mean t S), and categorical variables were expressed as proportion. Continuous variables were analyzed via one-way
ANOVA; categorical variables were analyzed using the Chi-square test or the Fisher’s exact test, and P-value less than 0.05 was considered statistically significant.
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27.64 + 1352 (2831
+14.71)

69.24 + 23.67 (67.52
+26.55)

543 242 (532 + 1.97)
235 +0.09 (2.35 + 0.09)

94.07 + 55.92 (89.98
+42.01)

35.66 + 57.84 (34.64
+48.29)

1.19 £ 0.19 (119 + 0.19)
1112 + 458 (11.38 + 4.51)
7140 £ 4.67 (70.77 + 4.6)

375.63 + 87.00 (376.07
+82.92)

113 £ 0.33 (112 + 031)
250 + 1.79 (2.57 + 1.74)
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Testosterone deficiency OR (95% CI)

Model 2 P-value Model 3
Continuous 4.94 (4.05~6.02) <0.001 5.43 (4.41~6.69) <0.001 3.81 (3.00~4.82) <0.001
Quantile
Q1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Q2 1.46 (1.17~1.83) <0.001 1.50 (1.20~1.88) <0.001 122 (0.96~1.55) 0.099
Q3 2.73 (2.21~3.37) <0.001 2.86 (2.30~3.56) <0.001 2.08 (1.65~2.63) <0.001
Q4 4.36 (3.54~5.36) <0.001 4.69 (3.77~5.82) <0.001 3.13 (2.46~3.98) <0.001
P for trend <0.001 <0.001 <0.001

Model 1 was not adjusted.
Model 2 was adjusted for age, race, education level, marital status, and PIR.

Model 3 was adjusted for age, race, education level, marital status, PIR, BMI, disease condition, physical activity, sedentary behavior, smoking status, alcohol use, disease, and laboratory
test indicators.
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Participants from NHANES
2011-2016 (N=29902)

Participants with complete data

on migraine (N=21592)

Participants with complete data
from Demographics (N=6764)

Participants with complete data
from Covariates (N=4647)

Participants with complete data
from laboratory indicators
N=4617

Participants with complete data

from laboratory indicators

Excluding missing data for
testosterone (n=8310)

Excluding missing data for Education level
(n=4). Marital status (n=3), PIR (n=638),
female (n=10968), age < 20 (n=3215)

Excluding missing data for smoking (n=3), drinking (n=302),
hypertension (n=124), diabetes (n=2), CVD (n=16),
hyperlipidemia (n=1539), CKD (n=28). physical activity
(n=1), sedentary activity (n=24), BMI (n=78).

Excluding missing data for albumin (n=1), ALT (n=1), AST
(n=1), calcium (n=15), total protein (n=11),
triglycerides(n=1)

Excluding participants diagnosed with cancer (n=502)
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A total of 1000 participants in baseline survey

Participants with missing data on SBP or DBP (n=2)

998 participants were included in the analysis
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EAAC prevalence

Crude OR (95% Cl) P for trend Adjusted OR P for trend
(95% CI)
Per unit decrease 182 (149, 2.22) <0001 1.85 (143, 2.32) <0.001
Per tertile decrease Tertilel 219 (118, 4.06) 2.55 (110, 5.92)
Tertile2 1.19 (1.06, 2.34) <0001 1.36 (1.03, 2.57) <0.001
Tertile3 Reference Reference

Crude model: adjusted for none. Adjusted model: adjusted for Age, Sex, Ethnicity, BMI, Drinking, Smoking, DM, Hypertension, Osteoporosis, OPD, RBC, WBC, Platelets, Albumin, Cr, TG,
LDL-C, and HDL-C. OR, odds ratio; CI, confidence interval.
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Subgroup P-int
Age, years

263 .065
<63

DM
Yes 726
No

Hypertension
Yes 137
No

Smoking

Never .054
Former

Current

Drinking

Never 549
Former

Current

BMI, kg/m?
> 27.65 .086
< 27.65

Albumin, g/L
=42 .046
<42

Creatinine, umol/L
> 68.95 121
<68.95

Triglyceride, mmol/L
=1.26 .188
<1.26

LDL-C, mmol/L
> 3.03 282
<3.03

HDL-C, mmol/L
>1.47 .838
<147

8 1

*

5.5

OR (95% Cl)

1.24 (0.98, 2.25)
1.96 (1.02, 2.24)

2.65 (1.31, 5.34)
1.03 (0.97, 1.71)

1.02 (0.92, 2.45)
2.72 (0.95, 5.53)

2.12 (0.99, 4.55)
0.97 (0.94, 1.96)
2.58 (1.95, 5.05)

2.88 (0.97, 3.23)
1.81 (1.05, 5.09)
1.34 (0.92, 2.48)

1.31 (1.08, 2.62)
1.94 (0.98, 4.18)

1.33 (1.03, 1.64)
1.26 (1.05, 2.31)

1.55 (0.96, 3.08)
1.41 (1.08, 2.91)

1.34 (0.93, 2.49)
3.10 (1.21, 4.92)

1.39 (0.95, 3.09)
1.73 (0.96, 3.33)

1.43 (0.98, 3.06)
1.09 (1.01, 1.28)
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Factor Tertilel Tertile2 Tertile3 P for trend

N 205 205 204

E2, pg/mL 2.31 £ 045 516 £ 1.03 17.43 £21.92 0.000
In (E2) 0.82 £0.17 1.62 +0.20 2.59 +£0.59 0.001
Age, year 65.56 + 9.84 64.87 + 8.40 62.43 £9.10 0.006
Ethnicity 0.349
Mexican American 39 (19.0%) 22 (10.7%) 19 (9.4%)

Non-Hispanic White 85 (41.5%) 108 (52.7%) 94 (46.5%)

Non-Hispanic Black 23 (11.2%) 23 (11.2%) 45 (22.3%)

Non-Hispanic Asian 29 (14.1%) 26 (12.7%) 16 (7.9%)

Others 29 (14.1%) 26 (12.7%) 28 (13.9%)

Drinking 0.929
Never 54 (26.3%) 53 (25.9%) 53 (26.2%)

Former 45 (22.0%) 37 (18.0%) 41 (20.3%)

Current 106 (51.7%) 115 (56.1%) 108 (53.5%)

Smoking 0.859
Never 130 (63.4%) 132 (64.4%) 122 (60.4%)

Former 43 (21.0%) 46 (22.4%) 50 (24.8%)

Current 32 (15.6%) 27 (13.2%) 30 (14.9%)

DM 43 (21.0%) 49 (23.9%) 62 (30.7%) 0.024
Hypertension 54 (26.3%) 51 (24.9%) 61 (30.2%) 0.383
Osteoporosis 48 (23.4%) 40 (19.6%) 28 (13.7%) 0.042
OPD 32 (68%) 27 (69%) 11 (39%) 0.022
BMI, kg/m* 25208 + 4.52 2847 + 5.49 32.08 £6.17 0.000
RBC, 10°/uL 4.33+ 0.41 443 +£0.36 4.52 £ 040 0.000
'WBC, 10°/uL 6.62 + 1.85 6.83 +1.88 7.13 £ 2.00 0.003
Platelets, 10°/uL 238.37 + 56.33 236.98 + 56.31 239.35 + 56.77 0.751
Albumin, g/L 4212 £ 285 42.05+ 2.61 41.15 £2.94 0.010
Cr, umol/L 7142 £ 22.75 71.88 +20.84 74.59 + 37.93 0.651
TG, mmol/L 1.26 + 0.65 137 £0.78 1.42 £0.70 0.010
LDL-C, mmol/L 299 +0.89 3.05 £0.79 3.17 £ 098 0.059
HDL-C, mmol/L 1.63 £ 047 1.51 £0.43 1.48 +£0.43 0.001
EAAC 34 (16.6%) 20 (9.8%) 17 (8.3%) 0.009

Continuous and categorical variables were presented as mean + SD or percentages n (%), respectively. E2, estradiol; DM, diabetes mellitus; OPD, osteoporosis prescription drugs; BMI, body mass
index; RBC, red blood cell; WBC, white blood cell; Cr, Creatinine; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; EAAC, extensive
abdominal aortic calcification.
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EAAC prevalence

Crude OR (95% Cl) Pfor Adjusted OR Pfor trend
(CLyel)]
Per unit decrease 154 (109, 2.18) <0.001 1.58 (1.02, 2.54) <0.001
Per tertile decrease  Tertilel 219 (1.18, 4.06) 255 (1.10, 5.92)
Tertile2 1.19 (1,07, 2.34) <0.001 131 (1.03, 2.57) <0.001
Tertile3 Reference Reference

Crude model: adjusted for none. Adjusted model: adjusted for Age, Sex, Ethnicity, BMI, Drinking, Smoking, DM, Hypertension, Osteoporosis, OPD, RBC, WBC, Platelets, Albumin, Cr, TG,
LDL-C, and HDL-C. OR, odds ratio; CI, confidence interval.
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Participants from NHANES
2005-2018 (N=70190)

Participants aged > 20 years
(N=39749)

Participants with complete data

from Demographics (N=35888)

Participants with complete data
from Covariates (N=26741)

Participants with complete data
from laboratory indicators
N=11915

Excluding participants age < 20
(n =30441)

Excluding missing data on Education level(n=61),
Marital status(n=23). PIR (n=3777)

Excluding missing data on hypertension (n=46),
hyperlipidemia (n=4174), diabetes (n=9). CVD (n=103).
smoking (n=18). drinking (n =2956), physical activity
(n=115) . BMI (n=1726)

Excluding missing data on LDL (n=14736).
hyperuricemia (n=49). ALT (n=13). AST (n=6). ALP
(n=1) . LDH (n=21)
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Control (N = 18) Preeclampsia (N = 18)

Age (year) 29.48 + 4.75 29.76 + 3.79
Gestational weeks 384 + 125 36.54 £ 1.22*
BMI (kg/m?) 27.42 £ 2.66 2722 + 278
SBP (mmHg) 116.5 + 3.81 148.50 £ 5.04*
DBP (mmHg) 745 + 3.87 101.10 £ 5.02*

SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index. *P< 0.05.
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Gene name Descriptiof hange log2FC FDR
COMT Catechol-O-methyltransferase 19)33 6.26 1.25E-05
PRC1 Protein regulator of cytokinesis 1 UpP 2.55 8.19E-04
SMC4 Structural maintenance of chromosomes 4 UP 1.88 1.51E-03
PRPS2 Phosphoribosyl pyrophosphate synthetase 2 Up 1.80 4.16E-03
AMOTL2 Angiomotin-like 2 Up 3.12 6.37E-03
KDM6A Lysine demethylase 6A UP 235 1.20E-02
BMPR2 Bone morphogenetic protein receptor type 2 UP 122 1.87E-02
MME Membrane metallo-endopeptidase up 1.96 2.24E-02
NR3C1 Nuclear receptor subfamily 3 group C member 1 UpP 1.52 2.51E-02
PLK2 Polo-like kinase 2 DOWN -325 2.65E-06
PXN Paxillin DOWN -3.33 1.07E-03
YWHAE Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein epsilon DOWN -1.74 7.41E-03
1L6ST Interleukin 6 cytokine family signal transducer DOWN 252 1.30E-02
ELMO1 Engulfment and cell motility 1 DOWN -3.08 1.82E-02
SOX9 SRY-box transcription factor 9 DOWN -348 2.14E-02
PRCP Proly Icarboxy peptidase DOWN -1.50 3.28E-02
PABPC1 Poly-A binding protein cytoplasmic 1 DOWN -1.23 3.37E-02
LAMA4 Laminin subunit alpha 4 DOWN -2.78 3.56E-02
ARHGEF12 Rho guanine nucleotide exchange factor 12 DOWN -1.88 3.81E-02
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