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Editorial on the Research Topic
 Micronutrients and metabolic diseases - volume II




Healthy dietary patterns are recommended as preventive or therapeutic approaches for metabolic diseases (1). Healthy dietary patterns include abundant vegetables, fruits, and whole grains, and are rich in micronutrients such as antioxidant vitamins and minerals (2). Suboptimal intake of these micronutrients adversely affects glucose and lipid metabolism, increasing the risk of metabolic diseases, such as cardiovascular disease (CVD) and type 2 diabetes mellitus (3). Targeted dietary supplementation with certain micronutrients has been shown to improve cardiometabolic risk factors and health outcomes in at-risk populations (4).

The previous Research Topic, “Micronutrients and metabolic diseases – Volume I,” consisted of a series of articles focusing on the mechanisms of micronutrient metabolism and the relationship between micronutrients and human health (5). The current “Micronutrients and metabolic diseases – Volume II” extends this scope with of 14 new studies that investigate the influence of dietary patterns rich in micronutrients and the status of specific vitamins and minerals on metabolic diseases across diverse populations.

Adequate intake of B vitamins is critical for the maintenance of cardiometabolic health, especially the supplementation of B vitamins involved in homocysteine metabolism, which has been proposed as an effective strategy for the prevention of atherosclerotic cardiovascular diseases (6). In the current issue, three articles focus on the relationship between B vitamins and metabolic disease. Li H. et al. reported that dietary vitamin B1 intake was inversely associated with the risk of severe abdominal aortic calcification in a dose-response manner. Overton et al. reviewed the role of vitamin B1 in human health and the underlying mechanisms behind the therapeutic efficacy of thiamine in gastrointestinal diseases. Jiang et al. performed a Two-Sample Mendelian Randomization screening to reveal the causal relationship between micronutrients/serum metabolites and intervertebral disk degeneration. Among 15 micronutrients and 1,091 blood metabolites, they found that vitamin B12 displayed a negative correlation with the incidence of intervertebral disk degeneration, and 4-acetaminophen sulfate may act as a potential mediator of the protective effect of vitamin B12.

Metabolic dysfunction-associated fatty liver disease (MAFLD) affects approximately one-third of the global population. Individuals with MAFLD exhibit an elevated risk of other metabolic diseases (7). Three articles investigated the associations of diet patterns or a specific dietary micronutrient on the incidence of MAFLD (Yue et al., Lu et al., Tao et al.). Yue et al. observed that dietary antioxidant micronutrient vitamin E was negatively associated with the incidence of MAFLD, suggesting a contributing role of inflammation in the development of MAFLD. Tao et al. and Lu et al. additionally explored the influence of dietary or tissue inflammatory index on MAFLD.

Dysregulated glucose and lipid metabolism is the underlying pathological mechanism for most metabolic diseases. The triglyceride-glucose index has emerged as a novel tool in evaluating insulin resistance and metabolic diseases. Based on the United State National Health and Nutrition Examination Survey (NHANES) data, two studies, respectively, reported that vitamin D or zinc status correlated with the triglyceride-glucose index, indicating that nutrient status could aid in assessing insulin resistance (Lai et al.) or insulin resistance-related mortality risk (Zhang and Li). A systematic review by Laurindo et al. concluded that intake of polyunsaturated fatty acids-enriched seed oils had a positive impact on lipid profiles, blood glucose, and oxidative stress markers in patients with diabetes and dyslipidemia. These findings support the integrating of these nutrients into personalized nutrition strategies for the management of metabolic health.

In addition to studies focusing on specific nutrients, several articles in current issue examined the impact of dietary patterns on cardiometabolic health. Oxidative balance score (OBS) indicates the equilibrium between prooxidants and antioxidants in an individual's diet or lifestyle. Jin et al. reported that higher dietary or lifestyle OBS was associated with a reduced atherosclerotic cardiovascular disease risk, suggesting that a dietary pattern or lifestyle promoting more prooxidants may help mitigate the development of cardiovascular disease. Li S. et al. found that body mass index was involved in the preventative effect of the DASH diet on metabolic-related diseases. LiYa et al. reported that nutritional status affected gut microbiota, influencing disease progression and survival outcomes in esophageal cancer patients, and that low intake of carbohydrates and fiber was closely associated with malnutrition in these patients.

By spanning diverse populations and adopting rigorous methods, these articles advance our knowledge of the association between micronutrients and multiple domains of human health. As metabolic diseases continue to pose a worldwide health challenge, these findings provide practical insights to improve personalized nutrition strategies, ultimately aiding long-term efforts to lower the incidence of metabolic issues diseases.
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Objective: This study aims to examine the nutritional status of individuals diagnosed with esophageal cancer and compare the nutritional indicators and intestinal flora between malnourished and non-malnourished patients. The findings aim to contribute to the early prevention of malnutrition and the development of interventions targeting the intestinal flora to treat esophageal cancer.
Methods: An 80-patient sample of hospitalized individuals with esophageal cancer was selected from the radiotherapy department of our hospital between July 2021 and July 2022 to evaluate NRS2002 scores and PG-SGA scores. This cross-sectional analysis aimed to examine the disparities in dietary nutrient intake, blood indicators, body composition, and fecal intestinal flora between malnourished and non-malnourished patients with esophageal cancer. Additionally, we randomly selected 40 cases to predict and analyze the relationship between intestinal flora and malnutrition.
Results: The incidence of nutritional risk and malnutrition in patients with esophageal cancer was 62.5% and 60%, respectively. The low intake of carbohydrates and dietary fiber in the malnutrition group was statistically significant compared to those in the non-malnutrition group (P < 0.05). The albumin (ALB) level was lower in the malnutrition group than in the non-malnutrition group, while the C-reactive protein (CRP) level was higher; these differences were also statistically significant (P < 0.05). The basal metabolic rate, phase angle, body cell mass, muscle mass, skeletal muscle index, and fat-free mass index in the malnutrition group all decreased compared to the non-malnutrition group. The extracellular water/total body water was higher than that in the non-malnutrition group, which was also statistically significant (P < 0.05). As shown by 16S rDNA sequencing of fecal intestinal flora, there was no significant difference in α and β diversity between the malnutrition and non-malnutrition groups; at the genus level, significant differences were observed for Selimonas, Clostridioides, Dielma, Lactobacillus, and [Eubacterium]_siraeum_group. However, Dielma, Sellimonas, and Clostridioides were significantly lower in the malnutrition group than in the non-malnutrition group, while Anaerococcus, Atopobium, Eubacterium_siraeum_group, and Lactobacillus were significantly higher in the malnutrition group. Correlation analysis between different genera and clinical indicators showed that Lactobacillus was positively correlated with ALB, dietary energy, intracellular water/total body water (ICW/TBW), phase angle (PA), muscle mass (MM), skeletal muscle mass (SMM), body cell mass (BCM), basal metabolic rate (BMR), appendicular skeletal muscle mass (ASMM), total body water (TBW), fat-free mass index (FFMI), skeletal muscle index (SMI), fat-free mass (FFM), Weight, body mass index (BMI) (r > 0, P < 0.05), but negatively correlated with PG-SGA score, NRS2002 score, and extracellular water/total body water (ECW/TBW) (r < 0, P < 0.05). Based on PG-SGA, there was only a low accuracy for identifying nutrient deficiency (most areas under curve (AUC) values fell within 0.5 to 0.7, or even lower), with Lachnoclostridium's AUC being 0.688 (CI = 0.518–0.858) and Lactobacillus_salivarius_g_Lactobacillus's AUC being 0.257 (CI = 0.098–0.416). A KEGG functional analysis based on 16S data indicated potential differences affecting glucose metabolism pathways and the synthesis or division of DNA, influencing the onset, development, and prognosis of esophageal cancer patients.
Conclusion: Esophageal cancer patients are more likely to be malnourished. The nutritional status of these patients is closely linked to the intake of carbohydrates and fiber, albumin levels, inflammation levels, and lean body mass. Furthermore, the patient's intestinal flora composition plays a significant role in their nutritional well-being. Consequently, modulating the intestinal flora holds promise as a potential therapeutic approach for addressing malnutrition in esophageal cancer patients.
Clinical trial registration: ChiCTR2100048141
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1 Introduction

Esophageal cancer is globally recognized as a prevalent malignant tumor. According to the International Agency for Research on cancer's (IARC) statistical report in 2020 it is the eighth most common cancer, with 604,000 new cases, and the sixth leading cause of cancer-related deaths, with 544,000 deaths (1). This signifies that esophageal cancer will subsequently impose substantial economic and health burdens on China and the rest of the world over the next several decades.

Chronic esophageal cancer patients grapple with serious nutritional problems due to local tumor obstruction and destruction, systemic reactions caused by abnormal metabolism of tumor cells, and complications arising from antineoplastic therapies. It is considered to be have the highest incidence of nutritional risk, the rate of which, as reported globally, ranges between 67.5% and 78.9% (2, 3). Studies reveal that a significant proportion (60%−85%) of these patients are malnourished, the most common form of which is across all cancers (4, 5). Malnutrition in esophageal cancer impairs organ function, amplifies surgical risks, augments complications, and diminishes both short-term and long-term treatment outcomes (6). Furthermore, malnutrition reduces radiosensitivity and chemotherapy sensitivity (4, 7), decreases patient quality of life (8, 9), extends hospital stays (10), and precipitates readmission within a brief period (11). Optimal nutritional status significantly impacts the survival outcome of patients with cancer (2, 3, 12, 13), benefiting their prognosis and mitigating adverse reactions during treatment to enhance their quality of life. The European Society of Parenteral and Enteral Nutrition clearly pointed out the important role of nutritional support therapy in the comprehensive treatment of cancer patients (14). Currently, numerous national and international studies robustly validate nutrition intervention's positive influence on the nutritional status of esophageal cancer patients, its ability to decrease blood system toxicity and gastrointestinal responses, and improve therapeutic tolerance and immunity (8, 15–19). Providing nutritional support to these patients can maintain or restore their nutritional status, augment their tolerance to treatment, lessen the risk of complications, hasten recovery, and curtail hospital stays, potentially saving lives (20).

Despite optimal nutrition interventions, esophageal cancer patients may still experience poor treatment outcomes due to tumor characteristics. The Human Microbiome Project (HMP), initiated in 2007, ignited research on microbiomes. Intestinal flora is closely associated with prognosis in patients with esophageal cancer, such as promoting cancer susceptibility (21), enhanced inflammatory response, and shortened survival time (22). However, most efforts have focused on differences between esophageal cancer and healthy people, overlooking dissimilarities among malnutrition and non-malnutrition patient microbiota. This study wants to explore whether intestinal flora is beneficial to patients with esophageal cancer and then support patients with intestinal flora to improve their prognosis.

To better detect malnourished patients with esophageal cancer as soon as possible, provide reasonable nutritional support programs. This research aims to identify clinical and anthropometric indicators and gut microbiota changes in esophageal cancer patients with malnutrition for effective nutritional support.



2 Research objective and methodology


2.1 Research object

We selected esophageal cancer patients admitted to the Radiation Therapy Department of General Hospital, PLA, from July 2021 to July 2022 for our study. Written informed consent was obtained as per hospital protocol. This research had ethics approval with registration number ChiCTR2100048141 at the China Clinical Trial Registration Center. The content presented in this paper was part of the study, which intended to provide nutritional support. However, due to missing data, the study design was modified to analyze cross-sectional data from the participants who agreed to participate.


2.1.1 Inclusion criteria

(1) Age > 18 years;

(2) diagnosed esophageal cancer pathologically;

(3) capacity to respond accurately to questionnaires; and

(4) well-informed about the diagnosis and willing to participate.

(5) At present, there is no drug treatment for esophageal cancer.



2.1.2 Exclusion criteria

(1) Critically ill cardiac, pulmonary, liver, or kidney patients;

(2) presence of fever or infection;

(3) organs transplantation or concurrent primary tumor;

(4) cognitive deficit; and

(5) psychological/psychiatric conditions requiring immediate attention.





3 Data collection


3.1 General data

The radiation oncologist strictly selected the trial participants according to inclusion and exclusion criteria, notifying our nutritionist to evaluate them. Our department's nutritionist completed the patient evaluation within 24 h after admission. Our nutritionist provided a concise overview of the trial's purpose and executed informed consent with those willing to participate. Simultaneously, the nutritionist collected general information using anthropometric measurements and an electronic questionnaire, including name, age, height, weight, BMI, occupation, education level, pre-existing conditions, tumor stage, marital status, contact details, etc. [Weight and height are recorded rounded off to the nearest tenth of a kilogram and centimeter, respectively; BMI = weight (kg)/height (m)2].



3.2 Dietary survey

The patient's food intake (including food type and quantity) for the past 3 days is reviewed, with nutritionists accurately calculating total energy and nutrient intakes.



3.3 NRS2002 nutritional risk screening

This screening tool (23), endorsed by both the European Society for Parenteral and Enteral Nutrition and the Chinese Association for Parenteral and Enteral Nutrition, is administered within 24 h after admission by nurses. It captures nutritional scores, disease burden, and elderly status (1 point if aged over 70 years, zero otherwise). A maximum score of 3 indicates risk; below that, there is no risk.



3.4 PG-SGA nutrition evaluation (patient classification)

The PG-SGA evaluation (24) was designed for the nutritional status assessment of cancer patients, which was used to identify malnourished esophageal cancer patients in this study and was collected by nutritionists simultaneously when collecting general patient data. It consists of four parts: general condition (weight loss in the last 2 weeks, reduction in diet in the last week, gastrointestinal reactions, mobility), disease state and age (cancer, AIDS, pulmonary or cardiac cachexia, bedsore, open wound or sputum, and the age of trauma > 65 years), metabolic stress state (stress level, fever existence, duration, and hormone use per day), and physical examination (triceps skinfold thickness, grip strength, calf circumference, and ankle edema). In this study, we used a PG-SGA score of 4 as a cut-off value. Patients scoring <4 falls into the non-malnutrition group, while those scoring ≥4 forms the malnutrition group.



3.5 Body composition analysis

Multi-frequency BIA analysis via the portable body composition analyzer (NUTRILAB 003) considers total body water, muscle mass, fat-free mass, percentage of fat mass, and protein content. Measurements were conducted on the morning of the 2nd day following patient enrollment, with instructions to fast for 2 h and abstain from water for 1 h.



3.6 Tumor patient quality of life scoring

Symptoms such as appetite, mental condition, sleep quality, fatigue levels, pain, family understanding, co-worker empathy, cancer self-awareness, treatment perceptions, daily activities, treatment side effects, and facial expressions are scored on a scale of 1 to 5. At present, life quality ratings range from <20 for poor, 21–30 for moderate, 31–40 for good, 41–50 for excellent, and 51–60 for great (25). Face expression scoring was subjectively conducted by a nutritionist based on the facial expression pain rating scale for patients with cancer pain.



3.7 Blood indicators

The fasting (8-h) venous blood samples are collected by nurses in our hospital. Complete blood cell tests utilized an ABX-MICROS-60 Automated Hematology Analyzer and its accompanying reagents, including hemoglobin (HB) (g/L), red blood count (RBC) (1012/L), white blood count (WBC) (109/L), neutrophil (%), lymphocyte (%), monocyte, eosinophilic, platelet count (PLT) (109/L), and CRP (mg/dL)-median (P25-P75). Biochemical assays were run on a HITACHI-7100 Full Auto Biochemistry Analyzer, using the corresponding kits, including alanine aminotransferase (ALT) (U/L), aspartate aminotransferase (AST) (U/L), total protein (TP) (g/L), ALB (g/L), blood urea nitrogen (BUN) (umol/L), serum creatinine (Scr) (umol/L), uric acid (UA) (umol/L), calcium (mmol/L), and phosphorus (mmol/L). The levels of immunoglobulin A (IgA) (mg/dL), immunoglobulin G (IgG) (mg/dL), and immunoglobulin M (IgM) (mg/dL) were determined according to kit instructions (Beijing Orco Biotechnology Co., Ltd., Beijing, China) by a microplate reader (Multiskan FC, ThermoFisher, Beijing, China). The superoxide dismutase (SOD) (U/mL) index level was determined with an enzyme label detector with commercial enzyme-linked immunosorbent assay kits (Nanjing, Jiangsu, China).



3.8 Gut microbiota analysis

Inform the patient of the precautions, and the patient retained the stool sample. Considering that patients with esophageal cancer have limited eating and may not defecate in the morning, the sample is selected for the patient's feces before treatment, not limited to time. Provided the patient with our department's contact information. Once the specimen is retained, our nutritionist will collect it. The specific precautions for fecal specimen collection are as follows: Scoop a pea-sized stool and place it into the tube containing the stool preservation solution. To avoid contamination, the scoop could not touch any extraneous area, including urine or other body fluids. The microbiological diversity of these samples was analyzed by Fanxing Boao (Beijing) Technology Co., Ltd. using the 16S method.

Total genomic DNA was extracted using a DNA extraction kit following the manufacturer's instructions. The concentration of DNA was verified with NanoDrop and an agarose gel. The genome DNA was used as a template for PCR amplification with the barcoded primers and Tks Gflex DNA Polymerase (Takara). Amplicon quality was visualized using gel electrophoresis, purified with AMPure XP beads (Agencourt), and amplified for another round of PCR. After being purified with the AMPure XP beads again, the final amplicon was quantified using a Qubit dsDNA assay kit. Equal amounts of purified amplicon were pooled for subsequent sequencing.

Alpha diversity analysis includes the ACE index, the Chao1 index, the Shannon index, and the Simpson index. The former two represent the richness of intestinal flora, and the latter two represent the diversity of intestinal flora. The higher the value, the higher the species richness or diversity.

Beta diversity analysis is a comparative analysis of the composition of the two groups of samples. In this study, PCoA map analysis was used to compare the differences in the composition of intestinal flora between malnutrition and non-malnutrition groups. PCoA analysis provides results based on multiple distance matrices. Through PCoA, the differences between individuals or groups can be observed. Each point in the figure represents a sample, and the same color is the same group. The closer the sample distance of the same group is, and there is a significant distance from other groups, indicating that the grouping effect is good.

Linear discriminant analysis effect size (LEfSe) analysis can show the species with significant differences in abundance in different groups and is used to analyze the effect of each species' abundance on the difference effect. In this study, species with an impact value >4 were set as biomarkers.

Correlation analysis between genus-level differential bacteria and clinical indicators.

ROC curve analysis of differential bacteria based on PG-SGA malnutrition genus level.

Further, we analyzed the effect of classification differences between malnutrition and non-malnutrition groups on function. The PICRUSt program was used to predict the differentially expressed functions and metabolic pathways between the two groups based on the KEGG function of 16S.




4 Statistical analysis

Excel was used to establish a database and double-entry survey data. SPSS 26.0 was used for data analysis. Statistical software G * Power (developed by the University of Düsseldorf, Germany, specifically for the calculation of statistical power and sample size statistics) was used to estimate the sample size required 34 cases, effect size = 0.5, α = 0.05, and power (1-β) = 0.9. Count data were described by frequency and percentage; the measurement data conforming to normality were described by mean ± standard deviation, and the measurement data not conforming to normality were expressed by median (25%, 75%). Frequencies were compared using the χ2 test. Means and SD values were compared with the Student's t-test. Correlation analysis was performed using Spearman. ROC analysis used sensitivity as the ordinate and (1-specificity) as the abscissa to construct a curve, and the cut-off point with the largest Youden index was used to determine the critical value of malnutrition. P < 0.05 indicated that the difference was statistically significant.



5 Experimental result


5.1 Demographic profile of 80 esophageal cancer patients

As shown in Table 1, a total of 80 patients, comprising 16 F and 64 M with an average age of 62.1 years, were included in the study. This study suggests that the average BMI of patients is at a normal level. Eighty percentage had a family history of cancer, and 87.5% presented as Stage IV esophageal carcinoma. A staggering total of 62.5% had nutritional risks, and 60% suffered from malnutrition, a majority share overall. The mean quality of life score was categorized as great.


TABLE 1 Demographic and clinical characteristics of patients with esophageal cancer (n = 80).

[image: Table summarizing demographic and clinical features of patients with esophageal cancer, including age, sex, weight, BMI, educational and socioeconomic status, drinking and smoking status, exercise, comorbidities, family history, cancer stage, assessment scores, and quality of life score.]



5.2 Demographic profile of 80 esophageal cancer patients classified by PG-SGA

As shown in Table 2, the NRS2002 score was significantly higher in the malnutrition group than in the non-malnutrition group (P < 0.05), and the QOL score was significantly lower in the malnutrition group than in the non-malnutrition group (P < 0.05). The malnutrition group also reported drinking significantly more than the non-malnutrition group (P < 0.05).


TABLE 2 Demographic and clinical characteristics of patients with esophageal cancer between the non-malnutrition and malnutrition groups (n = 80).

[image: Table lists clinical and demographic characteristics for eighty subjects, comparing non-malnutrition and malnutrition groups based on PG-SGA scores, including variables such as age, BMI, quality of life, comorbidities, socioeconomic status, drinking and smoking status, exercise, and cancer staging, with corresponding P-values for statistical significance.]



5.3 Based on PG-SGA, the dietary intake and blood biochemical indexes of the malnutrition group and the non-malnutrition group were evaluated

As shown in Table 3, the intake of carbohydrates and dietary fiber was significantly lower in the malnutrition group than in the non-malnutrition group (P < 0.05). The inflammatory index CRP in the non-malnutrition group was significantly lower than that in the malnutrition group, and the ALB level was significantly higher (P < 0.05).


TABLE 3 Comparison of nutrient intake and blood biochemical indexes between non-malnutrition and malnutrition groups (n = 80).

[image: Data table comparing nutrient intake and blood biochemical indexes between non-malnutrition and malnutrition groups, presenting mean values, standard deviations, and p-values for each indicator; significant differences include carbohydrates, fiber, C-reactive protein, and albumin.]



5.4 Body composition variations in the malnutrition group and the non-malnutrition group

As shown in Table 4, the basal metabolic rate, phase angle, total body water, intracellular water/total body water, total body cell mass, muscle mass, skeletal muscle index, limb skeletal muscle mass, and fat-free body mass index of patients with good nutrition were significantly higher than those in the malnutrition group (P < 0.05). ECW/TBW (%) extracellular water/total body water was significantly lower in the non-malnutrition group than in the malnourished group (P < 0.05).


TABLE 4 Comparison of body composition analysis between non-malnutrition and malnutrition groups (n = 80).

[image: Data table comparing body composition indicators between non-malnutrition group and malnutrition group using PG-SGA scoring, including measurements such as height, weight, BMI, BMR, and muscle or fat indices, with P values indicating statistical significance.]



5.5 Analysis of intestinal flora diversity in the malnutrition group and non-malnutrition group

As shown in Figure 1, there was no significant difference in the Alpha diversity ACE index, Chao1 index, Shannon index, or Simpson index of intestinal flora between the two groups (P < 0.05), but there were slight differences in the richness and diversity of the two groups.


[image: Grouped box plots for ACE, Chnt1, Psmn, and Impreg compare two categories labeled as “No Metformin” and “Metformin” on the x-axes, with individual data points shown for each group, indicating differences in distribution.]
FIGURE 1
 Analysis of α diversity of intestinal flora in two groups.


According to the results of PCoA analysis, as shown in Figure 2, the two groups of samples were relatively clustered, but some of the flora between the two groups was also relatively discrete, indicating that some of the flora of the two groups of samples were significantly different.


[image: Two side-by-side scatterplots display sample groupings from PCA and PCoA analyses, with points colored and shaped by malnutrition status. Ellipses highlight group separation. Legends clarify color and shape coding.]
FIGURE 2
 Analysis of β diversity of intestinal flora in two groups. The percentage in the figure is the interpretation rate of the principal component to the difference between the samples; a single sample is represented by a point, and the color of the same group is the same.



5.5.1 LEfSe analysis results of two groups at the genus level

As shown in the following Figure 3, the results of LEfSe analysis showed that at the genus level, the genera with significantly increased relative abundance in the non-malnutrition group were Dielma, Sellimonas, and Clostridioides, respectively. The genera with significantly reduced relative abundance were Anaerococcus, Atopobium, Eubacterium _ siraeum _ group, and Lactobacillus, respectively.


[image: Bar chart comparing gut bacterial taxa associated with malnutrition (red bars, left) and no malnutrition (green bars, right), based on LDA scores. Significant taxa include Dielma and Sellimonas for no malnutrition, Anaerococcus and Lactobacillus for malnutrition.]
FIGURE 3
 LEfSe analysis of two groups. In this study, species with an impact value greater than 4 were considered biomarkers.




5.5.2 Correlation analysis between genus-level differential bacteria and clinical indicators

As shown in the following Figure 4. The results showed that Sellimonas was positively correlated with Drinking (r = 0.322, P = 0.042) and negatively correlated with ALT (r = –0.346, P = 0.029) and AST (r =−0.333 0, P = 0.036). The genus Clostridioides was positively correlated with the QOL score (r = 0.377, P = 0.016). The genus Dielma was negatively correlated with Age (r = –0.346, P = 0.026). Lactobacillus was positively correlated with ALB (r = 0.394, P = 0.012), Dietary energy (r = 0.370, P = 0.019), ICWpct (r = 0.315, P = 0.048), PA (r = 0.321, P = 0.043), MM (r = 0.469, P = 0.002), SMM (r = 0.469, P = 0.002), BCM (r = 0.484, P = 0.002), ASMM (r = 0.513, P = 0.001), TBW (r = 0.488, P = 0.001), FFMI (r = 0.446, P = 0.004), SMI (r = 0.367, P = 0.020), Weight (r = 0.456, P = 0.003), and BMI (r = 0.388, P = 0.013). It was negatively correlated with PG-SGA score (r = –0.424, P = 0.006), NRS2002 score (r = –0.334, P = 0.035), and ECWpct (r = –0.315, P = 0.048). [Eubacterium] _ siraeum _ group was positively correlated with IgM (r = 0.326, P = 0.040), IgG (r = 0.467, P = 0.002), and monocyte (r = 0.332, P = 0.036), but negatively correlated with ALB (r = –0.370, P = 0.019) and UA (r = –0.419, P = 0.007).


[image: Heatmap visualization displaying correlations between microbiome species and sample groups, with hierarchical clustering at the top. Color gradient ranges from blue for negative to red for positive correlations.]
FIGURE 4
 Correlation analysis between differential bacteria at the genus level and clinical indicators. p ≥ 0.05 unmarked; *0.01<p<0.05; **0.001<p<0.01; ***p≤0.001.




5.5.3 ROC curve analysis of differential bacteria based on PG-SGA malnutrition genus level

As shown in Table 5 and Figure 5, the efficacy of [Eubacterium] _ siraeum _ group, Lactobacillus, Barnesiella, and Sellimonas genus levels in identifying malnutrition in patients with esophageal cancer only has low accuracy.


TABLE 5 ROC curve was used to analyze the efficacy of differential bacteria at the genus level in identifying malnutrition in patients with esophageal cancer.

[image: Data table compares bacterial genera by area under the curve (AUC) and 95% confidence intervals, listing bacteria such as Klebsiella and Ruminococcus with respective AUC values ranging from 0.257 to 0.689 and confidence intervals indicating variability in predictive performance.]


[image: Two side-by-side ROC curve line charts compare the performance of different predictive models for two datasets labeled as Malaysian flu vs non-Malaysian on the left and Malaysian flu vs non-Malaysian on the right. Each chart contains multiple colored curves, with corresponding legends displaying model names, AUC values, and confidence intervals. Both charts show diagonal reference lines and axes labeled as Sensitivity and 1-Specificity.]
FIGURE 5
 ROC curve analysis based on PG-SGA malnourished genus level differential bacteria. The area under the ROC curve is between 0.5 and 1. The closer the AUC is to 1, the better the diagnostic effect is. AUC has low accuracy when 0.5 ~ 0.7, AUC has certain accuracy when 0.7 ~ 0.9, and AUC has high accuracy when above 0.9.




5.5.4 Function prediction of malnutrition group and non-malnutrition group

As shown in Figure 6, Cell division topological specificity factor, K06940; uncharacterized protein, pyrP, uraA; uracil permease, K07461; putative endonuclease, uxaC; glucuronate isomerase [EC: 5.3.1.12] pathway expression decreased, while RP-L36, MRPL36, rpmJ, and the expression of the large subunit ribosomal protein L36 pathway were increased.


[image: Bar graph compares mean proportions of six variables between malnutrition and no malnutrition groups, with green for malnutrition and purple for no malnutrition. Adjacent forest plot shows ninety-five percent confidence intervals and p-values for the difference in proportions, illustrating statistical differences for each variable.]
FIGURE 6
 KEGG function prediction based on 16S. K03608: minE; cell division topological specificity factor; K06940: K06940; uncharacterized protein; K02824: pyrP, uraA; uracil permease; K02919: RP-L36, MRPL36, rpmJ; large subunit ribosomal protein L36; K07461: K07461; putative endonuclease; K01812: uxaC; glucuronate isomerase [EC:5.3.1.12].






6 Discussion

Esophageal cancer patients demonstrate high incidences of both nutritional risk and malnutrition, particularly among older people. Clinical screening should be performed promptly with these indicators as a basis for parenteral nutrition intervention (26). This study was a cross-sectional study. All patients were fed orally at the time of enrollment. Our research identified elevated nutritional risks and malnutrition prevalence in esophageal cancer hospitalized individuals; lower carbohydrate and dietary fiber intake was also noted in malnourished patients. Findings implicated nutrition deficiency facilitating low albumin or lean body weight, elevated inflammation markers, and a specific gut microbiota profile negatively correlated with PG-SGA and NRS2002 scores yet positively associated with ALB, PA, FFMI, SMI, FFM, weight, and BMI. Based on PG-SGA, there was only a low accuracy for identifying nutrient deficiency (most AUC values fell within 0.5 to 0.7, or even lower). Further exploration is warranted based on an expanded sample size to assess potential progressivity. We also uncovered that esophageal cancer patients' malnutrition impacts glucose metabolism and aspects of DNA synthesis/division metabolic pathways; these findings contribute to the understanding of esophageal cancer patients' malnutrition diagnosis, nutritional intervention, and clinical application of gut microbiome analysis.

The present study included patients with an 80% family history of cancer, most notably 87.5% with stage IV esophageal cancer, aligning well with the observed characteristics of esophageal cancer; that is, once found, they may be patients with advanced stage. Moreover, 62.5 % have nutritional risk, accounting for more than half. Concurrently, there was a significant prevalence of malnutrition at 60%, which constitutes more than half of the population. The QOL score was significantly lower in the malnutrition group. Drinking may be a risk factor for malnutrition in patients with esophageal cancer.

Tumorigenesis intertwines with environmental factors, of which dietary and lifestyle attributes rank as the most critical (27, 28). This study revealed that the non-malnutrition group consumed more carbohydrates and dietary fiber than the malnutrition group, conveying significance. However, other nutritional aspects were comparable. The results of this study showed that high carbohydrate intake might play an important role in the nutritional status of patients with esophageal cancer. However, so far, the range of carbohydrate intake and the role of carbohydrate quality (29, 30) in the occurrence and development of esophageal cancer still need to be further explored. Dietary fiber, derived from vegetables, fruits, grains, and soybeans, is indigestible by the human small intestine (31, 32) possessing anticancer properties (33, 34). In addition, some studies have shown that high-fiber diets can improve metabolic functions within the gut microbiome and suppress carcinogen production, thereby reducing the risk of esophageal cancer. This study showed that dietary fiber intake was negatively correlated with the occurrence of malnutrition in patients with esophageal cancer. Although dietary fiber intake did not reach the daily recommended intake of Chinese residents, statistical differences were still consistent with the results of related studies (34–36). Collectively, a high-fiber diet may provide a protective shield against esophageal cancer and protect against the occurrence of malnutrition in esophageal cancer patients.

Our discoveries showed that esophageal cancer patients without malnutrition had lower levels of the inflammatory marker CRP and higher levels of ALB than those with malnutrition. In recent years, the correlation between high CRP levels and malignancies has garnered significant attention. Numerous cancers display higher CRP, reflecting both systemic inflammatory response and tumor progression, both significantly linked to patient prognosis and survival (37). The 2018 GLIM standard also uses inflammation indicators (including CRP) as the etiological criteria for the diagnosis of malnutrition. This study also confirmed malnutrition in patients with high CRP. Therefore, for patients with esophageal cancer with high CRP, whether nutritional support can be given in advance to improve the prognosis and survival of patients remains to be further explored. At the same time, most of the patients with esophageal cancer are the elderly, who experience a significant decline in vital organ functions due to multi-morbidity, extensive disease duration, elevated consumption, surgical trauma, and inadequate nutrient intake. The condition commonly results in negative nitrogen balance and low serum albumin levels (38). Also, it's worth noting that preoperative albumin levels have been found to correlate with patient outcomes. That is, patients with lower albumin levels tend to have less favorable prognoses (39–41), leading to increased postsurgical respiratory complications, wound infections, or anastomosis fistulae rates compared to those with normal albumin levels (42).

Furthermore, these patients experience longer hospital stays post-surgery and more frequent relapses, resulting in unfavorable outcomes and secondary surgeries (43). The possible mechanism is as follows: Hypoalbuminemia impairs host immunity, while muscle wasting and fat consumption can result in respiratory muscle weakness, undermining ventilation and gas exchange function; protein is crucial for wound healing. Insufficient protein intake delays wound healing and can contribute to local tissue edema, hindering wound repair and facilitating infection. Hence, monitoring albumin levels and implementing nutritional support can significantly reduce postoperative complications, simplify hospital and surveillance periods, and improve the prognosis. In summary, serum CRP and albumin levels act as reliable biomarkers, while high serum CRP and hypoalbuminemia are independent prognostic factors in esophageal cancer and can predict the survival of patients with esophageal cancer to a certain extent.

Body composition analysis is a scale to assess human components and functionality. It aids in diagnosing the nutritional state of cancer patients, monitoring their dynamics, evaluating interventions, and improving their quality of life. Emerging research (44, 45) indicates marked compositional changes in cancer patients throughout their illness. Numerous studies endorse an association between body composition and survival outcomes and a better understanding of how body composition is used to evaluate the prognosis of cancer patients. Our study found that non-malnourished patients displayed higher base metabolic rates (BMR), phase angles, muscle mass, skeletal myofiber index, limb lean tissue mass, and fat-free weight index than malnourished ones; these differences were statistically significant, P < 0.05, echoing previous findings (46–48). Recently, it was discovered that poor nutrition in cancer often manifests as severe muscle mass (MM) depletion at any stage, predicting poor physical function, lower quality of life, surgical complications, disease progression, and survival rate (46, 49–52). A high prevalence of low MM is observed in new cancer cases >50%, significantly surpassing healthy individuals around this age by approximately 65% (53). Reversing low MM could improve cancer treatment outcomes, morbidity, and, ultimately, mortality rate (53). Given the role of MM tissue in oncological outcomes, strategies to optimize body composition are an important part of successful cancer treatment, and nutrition is one such way to beneficially influence MM tissue. This can, in turn, improve general health and outcomes, including treatment and tolerance for survival (46, 47). The phase angle (PA) (54) is a highly sensitive marker for detecting patient malnutrition and predicting the outcomes of various diseases. It encapsulates bodily tissue attributes related to diseases, nutrition statuses, and hydration levels, allowing a holistic assessment of health and nutritional status. Compared with conventional nutritional evaluation tools, PA has unique advantages in nutritional assessment, efficacy monitoring, and prognosis prediction for patients with malignant tumors. It has broad application prospects in clinical practice. PA provides rapid measurements within 3 min, making it applicable even for individuals with abnormal shapes (54). Numerous studies show that (55–58) PA decreases with the aggravation of malnutrition. The larger the PA, the more complete the cell membrane is and the stronger the cell functions. Low levels of PA have been identified as poor prognostic factors affecting survival in diverse types of cancer patients across multiple body sites. Research indicates that lower PA correlates with elongated hospital stays, a significant decrease in survival time, a higher incidence of postoperative complications, and heightened mortality risks among tumor patients (55). The probable mechanism lies largely in the ECW/TBW ratio. Adjusting PA by this ratio could enhance prognosis and eventually improve palliative care in cancer cachexia patients, necessitating the determination of an optimal cut-off value for PA detection of malnutrition among cancer patients. Currently, minimal literature exists about the influence of body composition parameters, such as BMI, body fat percentage, SMI, and sarcopenia, on postsurgical morbidity and long-term survival in esophageal carcinoma patients. This study furnishes preliminary data on human body component parameter changes in esophageal carcinoma patients, facilitating prospective and extensive clinical trials based on body component analysis results for nutritional supplement dose standardization among cancer patients, thus achieving “precision” nutritional intervention.

Gut microbiota research has surged since the advent of next-generation sequencing, illuminating its role in health and disease. Evidence links it to various cancers (59, 60), potentially offering novel cancer therapies targeting the gut microbiome. However, research on esophageal cancer related to gut microbiota is primarily cross-sectional between patients and controls (61). Specifically, there remains a dearth of data exploring the differences in gut microbial composition between non-malnourished and malnourished patients with esophageal cancer. In this study, 16S rRNA high-throughput sequencing technology was used to analyze the composition and diversity of intestinal flora between non-malnourished and malnourished patients with esophageal cancer, and PICRUSt software was used to predict the differentially expressed functions and metabolic pathways, intending to provide novel therapeutic targets for early diagnosis and treatment of esophageal cancer. Our study divided esophageal cancer patients into non-malnutrition and malnutrition groups, conducted association analysis on bacterial communities, and observed significant changes. At the genus level, LEfSe analysis results showed that Dielma, Sellimonas, and Clostridioides were found to be significantly enriched among the non-malnutrition group, while Anaerococcus, Atopobium, Eubacterium_siraeum_group, and Lactobacillus were depleted. Notably, Dielma abundance seems positively associated with a better prognosis, aligned with Jeffrey Gordon's team findings (62). An increase in Clostridioides appears linked to better quality of life, but no significant discrepancy was found here due to random sampling errors. It's worth noting that Clostridioides incites infections, causing substantial health and financial burdens globally (63). Therefore, whether we can find an intermediate value of Clostridioides to explain this opposite result still needs further study.

Eubacterium_siraeum_group (64) is a core gut bacteria facilitating nutrient digestion and maintaining gut balance. A significant negative correlation with serum albumin in our study indicates that reduced levels might prevent protein loss, leading to elevated albumin levels bolstering immunity against diseases. In 2022, Jiangsu Province Hospital lodged a patent (65) focusing on Eubacterium_siraeum_groupi as a predictive tool for chemotherapy-induced cachexia, aiding in timely intervention and reducing illness severity. Research reveals (66) that Lactobacillus reuteri, a well-studied probiotic strain, produces antimicrobial molecules and modulates the gut microbiome. Possibly, it supports the host immune system by reducing proinflammatory cytokines while enhancing regulatory T cells. It fortifies the gut barrier and prevents inflammatory conditions such as IBD. However, this study shows that the more Lactobacillus, the higher the potential nutritional risk may be, but it may contribute to increased physical albumin and lean tissue. Further, larger sample sizes are needed to ascertain its effects on esophageal cancer patients.

This research also utilized the PICRUSt pipeline to foresee variations in functional and metabolic pathways between two patient groups based on their respective 16S KEGG functions. Our results highlight that the gut microbiota may affect disease progression by influencing sugar metabolism, DNA synthesis, or division pathway alterations. The study observed that the cell division topological specificity factor K06940 plays a pivotal role in triggering precise regulation of cell division. The reduced expression of its genus in malnourished patients could result in inaccurate regulation and impede normal growth and genetic information transfer. Uncharacterized proteins, pyrP, uraA, and uracil permease-K07461, may affect the synthesis, transport, and metabolism of uracil. In this study, the expression of the pathway in the malnutrition group was decreased, which may affect the normal transcription of DNA. Putative endonuclease can repair damaged DNA and process accounting fragments during DNA replication. The expression of putative endonuclease in the malnutrition group is reduced, which may affect the repair of DNA damage in patients with esophageal cancer. In summary, the alterations in underfed patients' related factors might limit effective DNA repair following damage and may affect the precise regulation of cell division and then participate in the occurrence and development of tumors, aligning with studies conducted by Wilson's team (67) and Till's team (68). In this study, lower uxaC and glucuronate isomerase [EC:5.3.1.12] levels in underfed individuals, both key components involved in glucose metabolism, uphold the importance of these processes for energy production and immune regulation. Related studies (69, 70) also demonstrated evidence of disrupted glucose metabolism amongst tumors, leading to tumor growth, diminished immunity, and severe energy deficiency, ultimately fostering cachexia.

Additionally, increased RP-L36, MRPL36, rpmJ, and large subunit ribosomal protein L36 levels suggested their potential role as markers or therapeutic targets due to their central roles in promoting cell viability and protein synthesis. Some studies (71) have shown that the large subunit protein L36 may become a potential target for drug therapy, especially in the development of anti-tumor drugs, and may become a potential tumor marker and therapeutic target. Further study of a larger sample size may be required to reduce biases and reconcile conflicting findings. In general, the relationship between gut microbiota and tumorigenesis is a complex and multidimensional problem. The mechanism of the relationship between gut microbiota, human health, and cancer is still in its early stages, mainly revealing correlation rather than causality.

Further in-depth research is needed to explore the mechanism. Several studies have demonstrated that manipulating gut microflora structure and metabolic product production can potentially prevent/treat some cancers. Our research shows that the intake of carbohydrates and fibers in patients with malnutrition or esophageal cancer is lower. Whether this affects the state of intestinal flora and thus affects the nutritional status of patients warrants further research.

This research has several limitations: First, it involves a single center with limited participant and subgroup numbers. Second, insufficient follow-up time precludes adequate analysis of OS data. Finally, the small sample size limits additional sub-group analyses due to high levels of confounders. Future studies necessitate larger-scale samples and prospective ones to verify these findings.

In conclusion, esophageal cancer patients face substantial nutritional risks and malnutrition rates due to their unique anatomical features. Nutritional status is correlated with carbohydrate intake, dietary fiber intake, protein levels, inflammatory levels, and lean body mass; this also affects the gut microbiota, influencing disease progression, and outcomes. These patients require early screening and intervention based on patient-specific indicators of nutrition; this might enhance their clinical outcomes. Given the interest in noninvasive and nonpharmacological interventions for such patients (72), dietary therapy and gut microbiome manipulation require further evaluation as lower-risk treatment options.
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Introduction: The oxidative balance score (OBS) is a holistic measure that represents the overall equilibrium between prooxidants and antioxidants in one’s diet and lifestyle. Little research has been conducted on the correlation between OBS and 10-year atherosclerotic cardiovascular disease risk (ASCVD). Therefore, the objective of this investigation was to examine the potential correlation between OBS and 10-year risk.
Methods: A total of 11,936 participants from the NHANES conducted between 2001 and 2016 were chosen for the study and their dietary and lifestyle factors were used to assess the OBS score. Logistic regression and restricted cubic splines (RCS) were employed in the cross-sectional study to evaluate the correlation between OBS and the 10-year ASCVD risk. The cohort study utilized Cox proportional hazards models and RCS to assess the correlation between OBS and all-causes and cardiovascular disease (CVD) mortality in individuals with high ASCVD risk.
Results: The cross-sectional study found that the OBS (OR = 0.94, 95% CI = 0.93–0.98), as well as the dietary OBS (OR = 0.96, 95% CI = 0.92–0.96) and lifestyle OBS (OR = 0.74, 95% CI = 0.69–0.79), were inversely associated with the 10-year ASCVD risk. A significant linear relationship was observed between OBS, dietary OBS, lifestyle OBS, and the 10-year ASCVD risk. The cohort study found that the OBS was inversely associated with all-cause (aHRs = 0.97, 95% CI = 0.96–0.99) and CVD (aHRs = 0.95, 95% CI = 0.93–0.98) mortality in individuals with high ASCVD risk. A significant linear correlation was observed between OBS, dietary OBS, lifestyle OBS, and all-cause and CVD mortality in participants with high ASCVD risk.
Conclusion: The findings indicate that OBS, OBS related to diet, and OBS related to lifestyle were significantly inversely correlated with the 10-year ASCVD risk. Adopting a healthy eating plan and making positive lifestyle choices that result in increased OBS levels can help lower the likelihood of all-cause and CVD mortality in individuals with high ASCVD risk.
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Background

Cardiovascular disease (CVD) is a condition affecting the heart and blood vessels and is recognized as the primary reason for global mortality (1). Hence, it is crucial to avert cardiovascular disease (CVD) and its related complexities while lessening the impact of the ailment and mortality rate. The accurate evaluation of CVD risk is crucial for formulating effective prevention and screening strategies. The recent most-utilized tool for evaluating the 10-year risk of atherosclerotic CVD (ASCVD), introduced by the American Heart Association (AHA) and the American College of Cardiology (ACC), is the 10-year ASCVD risk index (2).

It is widely recognized that detrimental habits, such as a lack of physical activity, an unhealthy eating pattern, smoking, and excessive alcohol consumption, have been linked to cardiovascular disease (CVD) occurrence and untimely fatalities (3, 4). Therefore, it is crucial to emphasize the potential for reducing CVD mortality by adopting healthier lifestyle choices. Maintaining a nutritious eating plan is a fundamental approach to proactively prevent cardiovascular diseases (5, 6). Observational research indicates that adopting a nutritious diet is associated with a decreased likelihood of experiencing cardiovascular events. Consequently, numerous individuals are urging for more robust public policies that encourage the consumption of healthy food options (7). Meanwhile, critics point out the lack of causal evidence linking a healthy diet with cardiovascular disease(CVD) prevention (8) and there are few studies looking at a healthy diet that addresses the primary prevention of CVD (9).

Various OBSs have been utilized in epidemiological research to consider both dietary and non-dietary lifestyle exposures (10). The OBS is a holistic measure that represents the overall equilibrium between prooxidants and antioxidants in one’s diet and lifestyle. In general, a higher OBS suggests that there are more antioxidants than prooxidants. Many studies have reported the negative associations between OBS and type 2 diabetes (11), osteoarthritis (12), cardiovascular disease (13), and cancers (14, 15). However, several studies have also documented the link between OBS and its constituents with various illnesses, including ASCVD mortality, and arrived at a contrasting outcome (16–19). This could be attributed to the intricate connections and associations among numerous prooxidant and antioxidant elements (10, 20), making it challenging to determine the individual impacts of these factors on disease susceptibility.

We consider that it is difficult to determine the roles played by exposure to dietary and non-dietary lifestyles and it is necessary to consider them as a complete whole. To summarize, there is insufficient evidence to determine the expected reduction in 10-year ASCVD risk resulting from established lifestyle and dietary interventions. Therefore, to gain a deeper comprehension of the impact of OBS, this study utilizes information from the NHANES 2001–2016, a comprehensive and representative survey of the American populace. It aims to explore the potential correlation between OBS and the risk of ASCVD over a span of 10 years. The results of our study could provide an important understanding of the involvement of OBS in the progression of ASCVD, thereby offering vital knowledge for the global prevention of ASCVD.



Materials and methods


Study design and participants

The data from the National Health and Nutrition Examination Survey data set of the United States (NHANES) were employed in this study. The Centers for Disease Control and Prevention (CDC) conducted a comprehensive cross-sectional study to assess the general health and nutritional well-being of the American population. This survey utilized a meticulously chosen representative sample of the United States populace. The NHANES dataset consists of five main parts, including information on demographics, diet, physical exams, lab results, and questionnaire answers. To collect pertinent data, the survey includes comprehensive interviews and extensive physical evaluations. Collecting data is essential for shaping public health policies and programs, assessing the effectiveness of health and nutrition initiatives, and monitoring the prevalence of different diseases and conditions. The National Center for Health Statistics Research Ethics Review Board duly approved all NHANES protocols, and all study participants provided informed consent prior to their involvement. Furthermore, all studies carried out strictly followed the applicable protocols and rules. To obtain extensive information about the collection of NHANES data, individuals who were interested could refer to the published materials accessible at https://www.cdc.gov/nchs/nhanes.htm.

In NHANES 2001–2016, a total of 82,097 individuals were initially registered. Exclusion criteria for individuals included: (1) loss of data for any of the OBS components (n = 9,034) or 10-year ASCVD risk (n = 59,522); (2) diagnosis of ASCVD in participants (n = 1,456); (3) missing other data such as education (n = 5), marital status (n = 8), white blood cell count (WBC) (n = 27), chronic kidney disease (CKD) (n = 65), alanine transaminase (ALT) (n = 38), and lymphocyte count (LYM) (n = 23). In the end, a total of 11,936 participants were included in the observational study (Figure 1). In the cohort study, we initially enrolled 4,897 individuals with high ASCVD risk. Five participants were excluded because missed mortality data. A total of 4,892 participants were included finally.

[image: Flowchart detailing participant selection from NHANES 2001–2016 data: initial sample of eighty-two thousand ninety-seven, exclusions for missing components, diagnosed ASCVD, or other missing data, leading to four thousand eight hundred ninety-two participants included in the cohort study.]

FIGURE 1
 Flow chart of the study population.




Variable definition

The OBS, which is a holistic measure indicating the equilibrium between prooxidants and antioxidants in one’s diet and lifestyle, was determined by evaluating 16 nutrients and four lifestyle factors. This evaluation included five pro-oxidants and 15 antioxidants, using existing knowledge of the association between OBS and these factors (21). The nutrient intake data were obtained from the initial dietary review interview. As per the methodology employed by Zhang et al. (21). To determine OBS, alcohol intake was divided into three categories: heavy drinkers (15 g/day for females and 30 g/day for males), non-heavy drinkers (0–15 g/day for females and 0–30 g/day for males), and abstainers. Each group was assigned scores of 0, 1, and 2, respectively (21). Following this, the remaining elements were initially categorized into two sets according to gender and then further divided into three sets based on their tertile. In groups 1–3, pro-oxidants were assigned scores ranging from 2 to 0, while antioxidants were assigned scores ranging from 0 to 2. In general, a higher OBS suggests a prevalence of antioxidants compared to prooxidants (21).

The American College of Cardiology (ACC)/American Heart Association (AHA) guidelines for ASCVD 10-year risk assessment consider nine factors: race, sex, age, total cholesterol, HDL cholesterol, BP, diabetes, hypertension treatment, and smoking, we were able to categorize the study samples into two distinct groups. Individuals who have 10-year ASCVD risk <7.5% were categorized as having a “low ASCVD risk” and 2, those with 10-year ASCVD risk ≥7.5% were defined “high ASCVD risk” (22).



Assessment of covariates

In this study, the covariates were certain factors previously shown or hypothesized to be associated with ASCVD or OBS, including demographic factors, blood examination, lifestyle, and concomitant disease. The demographic factors included the following: age, gender (male/female), ethnicity (black, white, other), level of education (less than high school, high school, college), Body Mass Index (BMI), and marital status. The blood test results included WBC, LYM, ALT, total cholesterol level (TC), high-density lipoprotein level (HDL), creatinine level/glomerular filtration rate (GFR), albumin level, hemoglobin level, levels of trace elements in the blood, dietary fiber level, carotene level, riboflavin level, niacin level, total folate level, cotinine level, and vitamin levels. Lifestyle includes of healthy eating index, alcohol use, smoking, total energy intake, and physical activity. Accompanying conditions included: diabetes mellitus (DM), hypertension, hyperlipidemia, and anemia.



Statistical analyses

Our study considered the NHANES analytic guidelines, and considered complex sampling designs and sampling weights. Mobile examination centers (MECs) weights were utilized for all analyses. Continuous variables are presented as means and standard errors (SEs), while categorical variables are presented as proportions. The OBS were divided into four groups based on quartiles. Student’s t-test was used to compare continuous variables among the quartiles of the OBS groups, while chi-square test was used for categorical variables.

Three models were built to provide statistical inference. The first model solely consisted of OBS. Model 2 consisted of Model 1, sex, age, ethnicity, and educational background. The inclusion of Model 2 in Model 3 comprised creatinine, LYM, WBC, ALT, alcohol user, DM, hypertension, hyperlipidemia, anemia, and total energy intake.

A logistic regression analysis was conducted in the cross-sectional study to determine the adjusted odds ratio (aOR) and 95% CIs for the correlation between OBS and the risk of ASCVD over a period of 10 years. To flexibly model the relationship between OBS and 10-year ASCVD risk, we employed restricted cubic spline (RCS) regression.

The cohort study utilized Cox proportional hazards models to calculate adjusted hazard ratios (aHRs) and 95% CI, assessing the correlation between OBS and all-causes, CVD mortality in individuals with a high predicted 10-year ASCVD risk. The association of OBS with all-cause mortality and CVD mortality was modeled using Kaplan–Meier survival analysis in a flexible manner.

R Studio 4.2.0 was utilized for statistical analyses. A significance level of p < 0.05 was established for the statistical analysis.




Results


The cross-sectional study


Basic characteristics

This study utilized a NHANES dataset comprising 11,936 participants. The basic features of the 11,936 participants are displayed in Table 1. Among the total sample, 6,072 (49.146%) were male. OBS were categorized into quartiles: Q1 (3–15), Q2 (16–21), Q3 (22–26), and Q4 (27–37). Significant differences were observed between OBS quartiles and various variables, such as age, BMI, race, education, marital status, smoking, SBP, TC, HDL, dietary fiber, carotene, alpha-carotene, beta-carotene, riboflavin, niacin, total folate, vitamin B12, vitamin B6, vitamin C, vitamin E, calcium, magnesium, zinc, copper, total fat, iron, physical activity, cotinine, anemia, CKD, hypertension, hyperlipidemia, DM, 10-year ASCVD risk, and high ASCVD risk (all p < 0.0001). In addition, there were significant differences in hemoglobin, physical activity, and alcohol across the OBS quartiles (p < 0.005). It was important to note that the participants with high ASCVD risk also showed a significant trend from the lower OBS quartiles to the high OBS quartiles (p value <0.001).



TABLE 1 Baseline characteristics of study participants based on the OSB quartiles.
[image: Table comparing variables such as age, sex, BMI, race, education, health behaviors, lab values, and disease history across four quartiles (Q1–Q4), with means, standard errors or percentages displayed, and corresponding p-values indicating statistical significance.]



Association between OBS and high ASCVD risk

After making adjustments for different models, Table 2 demonstrates the correlation between OBS and high ASCVD risk. The OBS was analyzed both as a continuous and a categorized variable. After making adjustments to different models in the ongoing model, the outcomes for Model 1 indicated aOR = 0.97 [95% CI (0.96–0.97), p < 0.0001]. Similarly, Model 2 showed aORs = 0.94 [95% CI (0.93–0.95), p < 0.0001]. In addition, Model 3 exhibited aOR = 0.94 [95% CI of (0.92–0.96), p < 0.0001]. After adjusting Model 3 in the OBS categorized model, the aOR and their corresponding 95% confidence intervals (CI) for different OBS categories (3–15, 16–21, 22–26, and 27–37) were as follows: 1.00 (reference), 0.79 (0.61, 1.03), (p = 0.08), 0.56 (0.41, 0.77), (p < 0.0001), and 0.39 (0.27, 0.56), (p < 0.0001) for high ASCVD risk.



TABLE 2 Multivariable logistic regression analyses demonstrating associations of OBS and 10-year ASCVD risk.
[image: Statistical table showing multivariable adjusted odds ratios with ninety-five percent confidence intervals and p-values for Models 1 to 3, comparing Q1 to Q4 for OBS, and providing trend and OBS results; confounders are listed below the table.]

Supplementary Table S2 showed the associations of OBS with study outcomes in age, sex, GFR, hyperlipidemia, and hypertension subjects. In model 3 adjusted for age, sex, GFR, hyperlipidemia, and hypertension, there was a significant association between OBS and high ASCVD risk. Subgroup analyses showed results with no significant interaction (All p interaction >0.05).



Associations of dietary OBS, lifestyle OBS with high ASCVD risk

Supplementary Table S1 displays the outcomes of a multiple logistic regression analysis that assesses the correlation between dietary OBS, lifestyle OBS, and high ASCVD risk. After adjusting for Model 3, there was a significant negative association between high ASCVD risk and dietary OBS, with a statistically significant continuous OR of 0.96 (0.93, 0.98) and a categorized OR of 0.49 (0.33, 0.72), both with p < 0.0001. After adjusting for Model 3, there was a significant negative association between high ASCVD risk and lifestyle OBS. The association remained statistically significant with a continuous aOR of 0.74 (0.69, 0.79), p < 0.0001, and categorized OR of 0.34 (0.26, 0.45), p < 0.001.

Supplementary Table S2 showed the associations of dietary OBS, lifestyle OBS with study outcomes in age, sex, GFR, hyperlipidemia, and hypertension subjects.

In model 3, adjusted for sex, GFR, and hypertension, there was a significant association between dietary OBS and high ASCVD risk. In the younger (<60), one-unit increasement in dietary OBS, high ASCVD risk decreased by 4.9%. In the hyperlipidemia participants, one-unit increasement in dietary OBS, high 10-year ASCVD risk decreased by 4.5%. Subgroup analyses showed results with no significant interaction (All p interaction >0.05).

In model 3, adjusted for sex and hypertension, there was a significant association between lifestyle OBS and high ASCVD risk. In the younger (<60), one-unit increasement in lifestyle OBS, high ASCVD risk decreased by 16.4%. In the hyperlipidemia participants, one-unit increasement in lifestyle OBS, high 10-year ASCVD risk decreased by 27.5%. In the GFR <60 mL/min/1.73 m2 group, there was a no association between lifestyle OBS and high ASCVD risk. It was interesting to note that there was a significant association between lifestyle OBS and high 10-year ASCVD risk among those with age, GFR, and hyperlipidemia (p for interaction >0.05).



The high ASCVD risk is associated linearly with OBS, dietary OBS, and lifestyle OBS

Following the adjustment for Model 3, a linear correlation was detected among OBS, dietary OBS, lifestyle OBS, and the high ASCVD risk (Figure 2). According to RCS models, there is a consistent decline in the aOR for the high ASCVD risk with an increase in OBS, dietary OBS, and lifestyle OBS (Figure 2).

[image: Triptych of line graphs illustrating nonlinear associations, each showing a red line with shaded confidence intervals. X-axes vary by panel as Gas, ODS density, and ODS linkage. P-values for nonlinearity are 0.693, 0.3099, and 0.1004, written in blue text.]

FIGURE 2
 Multivariable-adjusted ORs for 10-year ASCVD risk by OBS, dietary OBS, and lifestyle OBS.


In both the male and female groups, there was a noticeable correlation between OBS, dietary OBS, and the high ASCVD risk, as depicted in Supplementary Figures S1, S2. In the female group, a noteworthy non-linear association was found between lifestyle OBS and the high ASCVD risk (p value for nonlinearity = 0.0017, as shown in Supplementary Figure S3).




Cohort study basic characteristics


Basic characteristics

In the cohort study, a total of 4,892 participants with high-risk 10-years ASCVD were included (Supplementary Table S3). The average length of follow-up was 115.0 months, with a range of 72.0–153.0 months (IQR). Out of the entire sample, 3,850 individuals (78.70%) were males, while there were 1,053 instances (19.5%) of recorded mortality. OBSs were categorized into quartiles: Q1 (3–15), Q2 (16–21), Q3 (22–26), and Q4 (27–37). It was important to note that the mortality also showed a significant trend from the lower OBS quartiles to the high OBS quartiles (p value <0.001) (Supplementary Table S3).



The connections between OBS and all-causes, CVD mortality in individuals with high ASCVD risk

The correlation between OBS and all-causes, CVD mortality in individuals with high ASCVD risk is depicted in Table 3. After adjusting various models in the OBS continuous model, the results showed that for Model 1, the aHRs = 0.98 (0.97–0.99), p value < 0.0001 (Table 3). Similarly, for Model 2, the aHRs = 0.97 (0.96–0.98), p < 0.0001. In addition, for Model 3, the aHRs = 0.97 (0.96–0.99), p < 0.0001 for all-cause mortality. For Model 1, the aHRs = 0.97 (0.95–0.99), p < 0.0001. Similarly, for Model 2, the aHRs = 0.95 (0.93–0.97), p < 0.0001. Furthermore, for Model 3, the aHRs were 0.95 (0.93–0.98) p < 0.002 for CVD mortality.



TABLE 3 Multivariable Cox regression analyses demonstrating associations of OBS and all-cause mortality, CVD mortality.
[image: Table displaying multivariable-adjusted hazard ratios and confidence intervals for all-cause and cardiovascular mortality across three models, with results shown by quartiles Q1 to Q4 of OBS, including p-values and p for trend in each model.]

In the OBS categorized model, after adjustment Model 3, the aHRs and corresponding to the 95% CI for the different OBS categories (Q1, Q2, Q3, and Q4) had the following values: 1.00 (reference), 0.86 (0.67, 1.10) (p = 0.23), 0.89 (0.69, 1.14) (p = 0.34), 0.66 (0.49, 0.87) (p = 0.004) for all-cause mortality (p trend = 0.01); and 1.00 (reference), 0.66 (0.45, 0.96) (p = 0.03), 0.56 (0.36, 0.85) (p = 0.01), 0.45 (0.25, 0.80) (p = 0.01) for CVD mortality (p trend = 0.01).



Examining the connection between dietary OBS, lifestyle OBS, and the risk of all-cause and CVD mortality in individuals with a highly predicted ASCVD risk over a 10-year period

Supplementary Table S4 displays the outcomes of cox regression analysis, which assesses the correlation between dietary OBS, lifestyle OBS, and the risk of ASCVD over a period of 10 years. After adjusting for Model 3, there was a significant negative association between dietary OBS and both all-cause mortality [HR = 0.98 (0.96, 0.99), p = 0.002] and CVD mortality [HR = 0.95 (0.93, 0.98), p = 0.002], and a significant negative association between lifestyle OBS and both all-cause mortality [HR = 0.94 (0.89, 0.99), p = 0.01] and CVD mortality [HR = 0.90 (0.82, 0.98), p = 0.02] (Supplementary Table S4).



The all-cause mortality and CVD mortality is associated linearly with OBS, dietary OBS, and lifestyle OBS

Figures 3, 4 illustrate the correlation between OBS, dietary OBS, lifestyle OBS, and both all-cause mortality and CVD mortality.
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FIGURE 3
 Multivariable-adjusted HRs for all cause mortality by OBS, diatery OBS, and lifestyle OBS.


[image: Three line graphs display data trends with nonlinear p-values noted in blue at the center of each plot, and red shaded error bands surrounding the fitted lines, comparing outcome values as variables change.]

FIGURE 4
 Multivariable-adjusted HRs for CVD mortality by OBS, diatery OBS, and lifestyle OBS.


After accounting for Model 3, a linear correlation was observed between OBS, dietary OBS, and the mortality rates for all causes and cardiovascular diseases, as indicated in Table 3 and Supplementary Table S3. According to RCS models, the aHRs for mortality from any cause and cardiovascular disease exhibited a consistent decline as OBS and dietary OBS increase, as shown in Figures 3, 4.

A linear correlation was found between lifestyle OBS and CVD mortality in the OBS for lifestyle. The RCS models indicated that the aHRs for CVD mortality exhibit a consistent decline as lifestyle OBS increases (Figure 4.). However, the RCS models indicated a turning point for overall mortality at 4 (Figures 3, 4). On the left side of this inflection point, the HR for all-cause mortality was 1.000 [95% CI: (0.910, 1.099), p = 0.996]. The HR for all-cause mortality on the right side of the inflection point was 0.836 [(95% CI 0.661, 1.057), p = 0.134] in Figure 3.

Supplementary Figures S4–S9 show the trend of decreasing HR for all-cause and CVD mortality with increasing OBS/dietary OBS/lifestyle OBS, which remained in male subgroups. However dietary OBS (p overall = 0.096) and lifestyle OBS (p overall = 0.6271) was not found to reduce CVD mortality in the female group (p overall = 0.096) (Supplementary Figures S7, S9).

As depicted in the Kaplan–Meier survival curves, patients with high ASCVD risk who had OBS < 15 (Q1) exhibited significantly higher rates of all-cause mortality (Figure 5) during the follow-up period.

[image: Line graph showing a Kaplan-Meier survival analysis with four colored lines representing groups Q1 to Q4 based on OBSQ scores. Survival probability decreases over time, with Q1 showing the lowest probability. The p-value is 0.001, indicating statistical significance.]

FIGURE 5
 Kaplan–Meier survival curves for all cause mortality.






Discussion

The current research revealed that elevated OBS was linked to a reduced 10-year ASCVD risk and exhibited a negative relationship between OBS and all-cause, CVD mortality in individuals with high ASCVD risk. The significance of a diet and lifestyle rich in antioxidants is underscored by our research, particularly in terms of reducing the 10-year ASCVD risk, all-cause and CVD mortality with high ASCVD risk. As far as we know, this research is the first to assess the correlation between OBS and all-cause mortality, as well as CVD mortality in individuals with a high ASCVD risk.

The current research shows a negative correlation between OBS and the 10-year ASCVD risk. The lifestyle and dietary factors of OBS have a significant impact on CVD (23). Previous studies have established that harmful lifestyles, such as obesity, excessive alcohol intake, and lack of physical activity can influence the development of CVD (24–26). According to the Global Burden of Disease Study (27), approximately 52% of all CVD deaths worldwide were attributed to risks associated with diet. The development of CVD and CVD mortality is widely recognized to be influenced significantly by chronic inflammation and oxidative stress (28). Studies conducted earlier have suggested that the overall eating pattern and different elements of the diet are directly linked to inflammation (29–32). Different dietary elements have also been linked to playing a significant part in the progression of different CVD (33–35). A meta-analysis of 14 studies investigated the link between the Dietary Inflammatory Index (DII) and CVD revealed compelling evidence indicating a significant association between a higher inflammatory diet and increased risk of CVD and related mortality (36). Oxidative stress refers to the in equilibrium between substances that promote oxidation and those that inhibit oxidation. The composite dietary antioxidant index (CDAI), is a score that assesses the overall antioxidant capacity of a person’s diet. It takes into account different vitamins and minerals that have antioxidant properties, such as vitamins A, C, and E, as well as selenium and zinc (37, 38). A cross-sectional study discovered that multiple factors indicating a reduced occurrence of ASCVD in postmenopausal females exhibiting elevated CDAI levels, as well as a dose–response relationship in the L shape between CDAI levels and the hazards of ASCVD (16). Insufficient evidence exists to support the cardioprotective advantages of vitamin and mineral supplementation. A study in an elderly Swedish population discovered that providing selenium and coenzyme Q10 supplements to a group of elderly individuals who had low levels of selenium and coenzyme Q10 resulted in a decreased risk of CVD mortality when compared to the placebo group (39). Nevertheless, in the previous year, the US Preventive Services Task Force (USPSTF) stirred controversy when they performed a comprehensive evaluation of the effectiveness and possible drawbacks of a single nutrient, nutrient pair, or multivitamin supplementation in adults to lower the chances of developing CVD, cancer, and mortality (40). To prevent CVD (41), the USPSTF recommendation goes against specific vitamin supplements, like beta-carotene and vitamin E, which were previously believed to possess antioxidant properties, according to their findings. In a recent update of the previous systematic review and meta-analysis conducted in 2018, it was found that commonly used multivitamins, vitamin D, calcium, and vitamin C had no impact on cardiovascular disease outcomes and all-cause mortality, however, an elevated risk of all-cause mortality was observed when niacin was taken with statin medication (42). It is important to mention that nutrients are not ingested in solitude but rather as a component of a food matrix. Hence, it proves challenging to regulate the potential impacts of additional nutrients offered by a food source. In recent times, the emphasis of nutritional studies on cardiovascular disease has changed from individual nutrients and particular foods to overall eating habits (43). Examining entire dietary patterns may hold greater significance and be more easily understood when compared to analyzing individual nutrients or specific food items. This could be partly due to the fact that numerous connections between specific elements of macronutrients and the risk of CVD are not linear, resulting in perplexing and contradictory results that do not align with present dietary guidelines. Additional research on chronic illnesses has similarly discovered that the collective influence of various elements may have a greater correlation with the risk of developing diseases when compared to the impact of individual nutrients (44, 45). In this study, we opted for OBS as a measure of the overall equilibrium between pro-oxidants and antioxidants in our diet and lifestyle. In addition, we uncovered the significance of OBS in predicting the 10-year ASCVD risk. We believe that incorporating a composite measure of oxidative balance, which includes a combination of dietary patterns and lifestyle factors related to pro-oxidant and antioxidant exposures, may have a stronger association with the 10-year ASCVD risk.

Inadequate nutrition is a prominent contributing factor to all-cause mortality, CVD mortality, and cancer mortality (46). The quality of dietary intake and its correlation with the risk of mortality showed significant variations among European nations. In Spain, the Mediterranean diet showed a significant negative correlation with mortality, whereas in the Netherlands, the Healthy Nordic Dietary Pattern was found to be strongly linked to reduced mortality. These results reflect dietary cultural and pattern differences. A comprehensive analysis of multiple studies indicated that following a diet rich in inflammatory components could potentially increase the chances of developing colorectal cancer, CVD, and all-cause mortality (47). A Pan-European Cohort Study has revealed that different measures of diet quality are linked to all-cause mortality, as well as cause-specific (CVD and cancer) mortality, especially with stronger associations with CVD compared to cancer, and these scores have poor predictive performance for 10-year mortality risk when used in isolation. However, in combination with other non-invasive common risk factors such as smoking, body weight, physical activity, and educational level, these composite scores display good predictive ability (23). These studies support a view whereby it is necessary to analyze various dietary components and lifestyle as an organic whole, due to the inseparable characteristics. In our research, we have discovered a direct correlation between OBS, dietary OBS, and lifestyle OBS and the all-causes and CVD mortality. However, we have observed a non-linear relationship between lifestyle OBS and mortality rates from all causes in individuals with a high ASCVD risk, as determined by Cox proportional hazards models. According to the RCS models, there was a consistent decline in the aHRs for all-causes and CVD mortality as the OBS, dietary OBS, and lifestyle OBS increased. In the female group, the subgroup analysis indicated that there was no reduction in CVD mortality with the use of OBS in the diet or lifestyle (Supplementary Figures S6–S9). We infer that it may be hormonally related. The antioxidant effects of diet and lifestyle on CVD mortality may be overshadowed by the protective function of estrogen, resulting in a lack of statistical significance in the correlation.



Strengths and limitations


Strengths

The present study had multiple advantages. First, the rare exploration of OBSs potential protection against ASCVD was not commonly undertaken in previous studies. Second, the extensive size of the sample and rigorous statistical analyses conducted on the overall population allowed us to extend our findings to the majority of individuals. Third, to ensure the accuracy of the results, this study controlled many confounding factors, including creatinine, WBC, ALT, alcohol user, hypertension, hyperlipidemia, and anemia. In our study, we initially performed cross-sectional analyses followed by additional cohort analyses.



Limitations

In addition, there are various drawbacks in the present investigation. Incorporating all ASCVD-associated dietary and lifestyle exposures proved challenging for the OBS; the database had restrictions on various elements, including flavonoids. Moreover, there was a possibility that certain ambiguous ASCVD-related dietary or lifestyle factors were not encompassed. Furthermore, the OBS dietary constituents were obtained from self-reported information collected through a single 24 h, which could introduce measurement inaccuracies and biases, and might not accurately reflect day-to-day variations in diet, thereby resulting in imprecise estimations. Lastly, it was not possible to utilize any biomarkers to authenticate the accuracy of the OBS in evaluating oxidative balance in the current investigation. Nevertheless, the association between 10-year ASCVD and the current OBS remained consistent and is unlikely to be significantly influenced by the excluded elements.




Conclusion

The findings of this research demonstrate that individuals with elevated OBS levels exhibited a decreased likelihood of developing ASCVD risk over a span of 10 years. Moreover, it suggests that adopting a dietary pattern and lifestyle that promotes higher OBS levels can be advantageous in mitigating the risk of mortality associated with all-cause and CVD among individuals with a high predicted 10-year ASCVD risk.
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SUPPLEMENTARY FIGURE S1 | Linear association between OBS and 10-years ASCVD risk by sex.



SUPPLEMENTARY FIGURE S2 | Linear association between dietary OBS and 10-years ASCVD risk by sex.



SUPPLEMENTARY FIGURE S3 | Linear association between lifestyle OBS and 10-years ASCVD risk by sex.



SUPPLEMENTARY FIGURE S4 | Linear association between OBS and all cause mortality by sex.



SUPPLEMENTARY FIGURE S5 | Linear association between OBS and CVD mortality by sex.



SUPPLEMENTARY FIGURE S6 | Linear association between dietary OBS and all cause mortality by sex.



SUPPLEMENTARY FIGURE S7 | Linear association between diatery OBS and CVD mortality by sex.



SUPPLEMENTARY FIGURE S8 | Linear association between lifestyle OBS and all cause mortality by sex.



SUPPLEMENTARY FIGURE S9 | Linear association between lifestyle OBS and CVD mortality by sex.
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Objective: Exploring the association between common mineral intake and the risk of colorectal cancer (CRC).
Methods: We utilized the multivariate Cox proportional hazards model to assess the association between intake of minerals and the risk of CRC, estimating hazard ratios (HRs) and 95% confidence intervals (CIs).
Results: A total of 101,686 eligible participants were included in the analysis of this study, including 1,100 CRC cases. After adjusting for potential confounders, we found that total zinc intake (HRQ4vs.Q1: 0.79, 95%CI 0.67–0.93; P for trend <0.05), iron intake (HRQ4vs.Q1: 0.81, 95%CI 0.68–0.96; P for trend <0.05), copper intake (HRQ4vs.Q1: 0.80, 95%CI 0.68–0.95; P for trend <0.05), selenium intake (HRQ4vs.Q1: 0.83, 95%CI 0.69–0.98; P for trend <0.05) were significantly negatively associated with the incidence of CRC, but magnesium intake in the appropriate range is associated with a reduced risk of CRC (HRQ3vs.Q1: 0.77, 95%CI 0.65–0.91; P for trend >0.05).
Conclusion: Our findings suggested that an appropriate intake of total zinc, iron, copper, selenium and magnesium were associated with lower CRC risk.
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1 Introduction

Minerals intake is strongly associated with cancer, especially digestive system tumors. In recent years, colorectal cancer (CRC) has become the third most commonly diagnosed cancer, and second leading cause of cancer death worldwide (1, 2). Such a high morbidity of CRC is not only associated with the promotion of screening programs, but is also closely linked to modern dietary habits (3). The incidence of CRC is tending to occur at progressively younger ages and the proportion of young patients (age < 50 years) is increasing (4, 5). The colorectum, a vital component of the digestive system, is increasingly burdened by the disease (1). CRC is a common cancer with a significant genetic component; approximately 10–16% of patients have pathogenic variants in their cancer susceptibility genes (6). In addition, lifestyle factors such as smoking, alcohol consumption, obesity, and the intake of red and processed meats also influence CRC risk (2, 7). Several studies have demonstrated the association of minerals with carcinogenesis and the content of certain minerals are significantly differences between tumor tissues and healthy tissues (8–10). The minerals are necessary in the metabolism of the body, but there are fewer studies on the relationship between mineral intake and CRC.

The minerals, specifically magnesium (Mg), zinc (Zn), iron (Fe), copper (Cu) and selenium (Se), can be acquired in diet or supplements. These minerals maintain normal physiological functions and are important for maintaining human health, such as in DNA replication, immunity and energy production (11–14). The association between minerals and cancers has aroused great concern. Increasing dietary zinc intake was reported to be effective in reducing cancer risk, especially in prostate cancer (15–17). Iron deficiency and iron deficiency anemia are global health problems, whereas excessive iron intake may be associated with tumorigenesis (18–21). Copper is involved in the important process of cancer development, with lower in malignant tumors than in benign tumors, and it was reported that copper of specific structure has anti-tumor effects (22–25). The anti-cancer effects of selenium have been confirmed by several studies (9, 26, 27). Through further research, it was noted that all of these minerals have been linked to CRC. Epidemiologic studies and some meta-analyses have shown higher intake of magnesium is associated with lower CRC risk (28, 29). Iron has also been found to reduce the risk of lung cancer (30), but it may increase the risk of CRC (29). Moreover, elesclomol-mediated copper overload has been shown to inhibit CRC both in vitro and in vivo (31). A randomized controlled trial has shown that higher selenium levels are associated with a lower risk of prostate, lung and CRC (32). Some researchers have found higher levels of magnesium, zinc, copper and selenium in tumor tissue from CRC patients than in normal tissue (8). Based on these finding, we explored the association between the intake of these elements and the development of CRC.

In recent years, the effect of minerals intake on CRC has become a subject of considerable concern, but study findings have varied considerably. The Prostate, Lung, Colorectal, and Ovarian (PLCO) cancer screening trial, a prospective cohort study, has a large number of participants, a long follow-up period and reliable mineral intake data, which can effectively show the relationship between the intake of each mineral and the development of CRC. Our study aims to examine the associations between the intake of five key minerals (magnesium, zinc, copper, iron, and selenium) and the CRC risk in the PLCO cancer screening trial.



2 Methods


2.1 Study population

The design and methodology of the PLCO cancer screening trial has been reported in several previous studies (33, 34). The PLCO Cancer Screening Trial is a randomized, controlled trial of screening tests for prostate, lung, colorectal and ovarian cancers and more than a dozen other cancers. Ten PLCO Screening Centers recruited approximately 155,000 participants aged between 55 and 75 years from November 1993 to July 2001, and all participants signed an informed consent. The Clinical Trials. gov numbers for PLCO are NCT00002540, NCT01696968, NCT01696981, and NCT01696994.



2.2 Data collection and minerals assessment

All participants were asked to complete a baseline questionnaire (BQ), is the baseline risk factor questionnaire, including participant-reported information such as sex, age, education, cancer history and medical history. The Dietary History Questionnaire (DHQ) is a food frequency questionnaire that was added in 1998 and covers daily intake of 124 foods over the past 12 months for 113,000 participants. Nutrient intake was derived from frequencies and portion sizes from the Food Frequency Questionnaire (FFQ), in which mineral values per portion multiplied by the frequency of daily intake and then summed to obtain the intake of the nutrient concerned (35). Daily intakes of nutrients were calculated based on the Nutrition Data System for Research (NDS-R). The NDS-R combines nutritional information from the USDA Standard Reference Nutrient Database, food manufacturers, scientific literature, and other published food tables (36). In this study, total intake of five minerals (magnesium, zinc, iron, copper, and selenium) was extracted from DHQ, both from food and from supplements.



2.3 Participant selection

Our study needed to identify participants eligible for the DHQ CRC analysis (Figure 1). Participants will be excluded from the study if they did not return a baseline questionnaire (n = 48,283); missing DHQ completed data (n = 15,019); their DHQ was invalid (n = 9,798); they have personal history of any cancer prior to the DHQ (n = 116). After screening, 101,686 eligible participants were identified in the analysis, including 1,100 CRC cases.

[image: Flowchart showing 154,887 PLCO participants, with 53,201 excluded for reasons including unreturned BQ, prior CRC history, incomplete or invalid DHQ; 101,686 eligible subjects remain, split into 100,586 with no confirmed CRC and 1,100 with confirmed CRC.]

FIGURE 1
 Flowchart for identifying eligible PLCO participants in study analysis. The final cohort had a total of 101,686 eligible participants included in the analysis. BQ, baseline questionnaire; DHQ, diet history questionnaire.




2.4 Ascertainment of CRC

The endpoint event in this study was CRC incidence. Carcinoid colorectal cancer is considered a target for CRC screening, it is therefore included in the definition of confirmed CRC. In the PLCO trial, subjects were not diagnosed with CRC at the start of the study. CRC reports were collected in a variety of ways, including self-reports, family reports and death certificates, family reports and death certificates. Cancer data collected up to December 31, 2009 and mortality data collected through 2015 for each subject in the PLCO trial, and cancers and deaths continue to accrue. The time metric chosen for the study was the number of days between completion of the DHQ and the diagnosis for participants with CRC, or to trial exit otherwise.



2.5 Statistical analysis

Hazard ratios (HRs) values in this study were calculated using data after multiple interpolation. The distribution of general characteristics of cases and controls were compared using Chi-square (χ2) tests for categorical variables and t-test for continuous variables. Intakes of total magnesium, zinc, iron, copper, and selenium were used to generate new categorical variables by quartiles.

HRs and 95% confidence intervals (CIs) were estimated for CRC risk in relation to five minerals intake using a multivariate Cox proportional hazards model. Modelling to adjust covariates for known or suspected CRC risk factors, including age (<65 vs. ≥65), sex (male vs. female), randomization arm (intervention vs. control), body mass index (BMI, <25 kg/m2 vs. ≥25 kg/m2), race (White, Non-Hispanic vs. Other), marital status (married vs. unmarried), education (<college vs. ≥college), smoking status (never smoked cigarettes vs. current cigarette smoker vs. former cigarette smoker), drinking status (never vs. former vs. current), family history of CRC (yes vs. no vs. possibly-relative or cancer), and family history of any cancer (yes vs. no vs. possibly-relative or cancer). Three regression models were constructed for each of the five minerals: model 1 does not make any adjustments and roughly estimates HR; model 2 just adjusted for age and sex; model 3 adjusted for all ten covariates.

Subgroup analysis was done for 5 variables such as age, sex, BMI, family history of CRC and family history of any cancer. The results were corrected for 10 confounders other than the grouping factors. Restricted spline models were fitted with three nodes to determine dose-response trends between intakes of total minerals (continuous variable) and CRC risk. Sensitivity analyses were performed by excluding events with less than 2 years of follow-up, extreme BMI values (<1% and >99%), or removing cases with missing values.

The proportional hazards assumption was graphically tested for all built models, all data are consistent with the proportional risk assumption. Statistical analyses were performed using R statistical software (http://www.R-project.org, The R Foundation), and a p value <0.05 (two-tailed) was considered significant.




3 Result


3.1 Participant characteristics

The characteristics of the study population are shown in Table 1. The median follow-up time for cancer diagnosis data was 11.3 years, during which 1,100 cases of CRC were diagnosed. Mean age at baseline was 64.14 years in the case group and 62.38 years in the control group. By comparing the case and control groups, it can be seen that the case group’s characteristics included a majority of males, a younger age, higher BMI, a higher likelihood of having a higher education, primarily alcohol drinkers, and a family history of any cancer.



TABLE 1 Baseline characteristics of CRC patients and non-patient participants.
[image: Table presenting demographic and clinical variables for overall participants, non-patients, and patients with means, standard deviations, counts, and percentages across groups. Variables include age, sex, intervention arm, education, marital status, race, BMI, smoking, alcohol intake, and family history of cancer, alongside p-values for statistical comparisons.]



3.2 Association between intakes of total minerals and the incidence of CRC

Estimates risk of CRC associated with total intakes of magnesium, zinc, iron, copper, and selenium are shown in Table 2. Model 1 was the crude model; model 2 just adjusted for age and sex; model 3 adjusted for all ten covariates. There was a significant correlation between CRC incidence and moderate magnesium intake in the crude analysis model (HRQ3vs.Q1: 0.76, 95%CI: 0.64–0.91, p = 0.002). Similar results were found in the adjusted models (model 2: HRQ3vs.Q1: 0.75, 95%CI: 0.63–0.89, p = 0.001; model 3: HRQ3vs.Q1: 0.77, 95%CI: 0.65–0.91, p = 0.002). Zinc intake was found to significantly associated with lower CRC risk. After adjusting for covariates, the results of models 2 and 3 were the same as model 1. After adjusting for ten covariates, the minerals iron, copper, and selenium were also shown to associate with lower risk of CRC, P for trend <0.05.



TABLE 2 Association between minerals intake and CRC risk in the PLCO cancer screening trial.
[image: Table summarizing associations between dietary intakes of magnesium, zinc, iron, copper, and selenium and health outcomes, with cohort size, cases, person-years, incidence rates, hazard ratios, confidence intervals, and p-values across quartiles for each nutrient and three statistical models.]

Further analysis was performed after adjusting for confounders. Subgroup analyses suggested that the protective effect of these five minerals against CRC was more pronounced among men, age ≥ 65 years, or with family history of any cancer (Figure 2). Sensitivity analyses showed that the results of the association between minerals intake and CRC risk were generally consistent with those in Table 2 after removing missing data, removing BMI extremes, or removing cases with less than 2 years of follow-up (Table 3). Restricted cubic spline model analysis suggested that there was a nonlinear association of Mg, Fe, Zn, and Se intakes with incidence of CRC (P-non-linear <0.05, Figures 3A–E).

[image: Forest plot displaying hazard ratios and confidence intervals for magnesium, zinc, iron, copper, and selenium quartiles among subgroups defined by sex, age, body mass index, and family history of colorectal cancer or cancer. Each row represents a different subgroup and nutrient quartile, with hazard ratio values centered around one.]

FIGURE 2
 Subgroup analyses of CRC incidence. Adjusted for age (<65 vs. ≥65), sex (male vs. female), trial arm (intervention vs. control), race (White, non-Hispanic vs. other), marital status (married vs. unmarried), education (<college vs. ≥college), BMI (<25 kg/m2 vs. ≥25 kg/m2), smoking status (never vs. current vs. former), alcohol drinking status (never vs. current vs. former), family history of CRC (no vs. yes vs. possibly), family history of any cancer (no vs. yes). Subgroup analyses by sex, age, BMI, family history of CRC and family history of cancer. HRs were adjusted except for the stratification factor. p > 0.05 was considered no statistical significance.




TABLE 3 Sensitivity analyses on the association between minerals intake and CRC incidence.
[image: Table showing hazard ratios, confidence intervals, and p-values for magnesium, zinc, iron, copper, and selenium across quartiles and four processing methods: primary analysis, deleting missing values, excluding participants with extreme BMI, and excluding participants with less than two years of follow-up. Columns detail results for each nutrient and processing method, with adjusted p-values for trend.]

[image: Five-panel figure showing histograms and quadratic regression plots of micronutrient intake: A is magnesium (mg/day), B is zinc (mg/day), C is iron (mg/day), D is copper (mg/day), and E is selenium (micrograms/day). Each panel displays intake distribution and a U-shaped regression curve with confidence intervals indicating association with a variable labeled as ln(NOAEL).]

FIGURE 3
 Does-response analyses for the associations between minerals intake and CRC incidence. Does-response analyses for the associations between total magnesium intake (A), total zinc intake (B), total iron intake (C) total copper intake (D) total selenium intake (E) and CRC. HRs and 95%CIs were calculated by the fully-adjusted multivariable Cox regression model, including age (<65 vs. ≥65), sex (male vs. female), trial arm (intervention vs. control), race (White, non-Hispanic vs. other), marital status (married vs. unmarried), education (<college vs. ≥college), BMI (<25 kg/m2 vs. ≥25 kg/m2), smoking status (never vs. current vs. former), alcohol drinking status (never vs. current vs. former), family history of CRC (no vs. yes vs. possibly), family history of any cancer (no vs. yes).





4 Discussion

In this study, we analyzed the relationship between total minerals intake and CRC incidence and found that total minerals intake was associated with the risk of CRC incidence. However, there is not a simple negative or positive association between intake and risk of morbidity. According to our findings, the risk of CRC is at its lowest when the total intake of minerals is as follows: magnesium between 352.05 and 446.42 mg/day (Q3), zinc between 9.93 and 19.82 mg/day (Q2), iron exceeding 31.72 mg/day (Q4), copper exceeding 3.2 mg/day (Q4), and selenium between 81.59 and 110.78 mcg/day (Q3) (Table 2). These results have been adjusted for potential confounders.

Regarding the relationship between magnesium and zinc intake and CRC incidence, our findings are in agreement with some previous studies that higher magnesium and zinc intake are associated with a lower risk of CRC incidence. The Netherlands cohort study on diet and cancer has found that higher magnesium intake is more protective for people with a BMI > 25 (37). A cohort study in Japan found that higher dietary intake of magnesium may reduce the risk of CRC in Japanese men (38). The Swedish mammography cohort, a population based prospective cohort of women, showed that high magnesium intake reduces the incidence of CRC in women (39). The findings for zinc and CRC are similar to magnesium. The Iowa Women’s Health Study followed 34,708 postmenopausal women for 15 years. Based on this study, Lee et al. found that zinc intake was associated with a decreased risk of distal colon cancer (P for trend = 0.03) (40). Larsson et al., analyzing data from the population-based Swedish mammography cohort, proposed a relatively weak association of zinc intake with colon cancer (41). However, our study suggests that higher zinc intake is significantly associated with a reduced CRC risk. While these studies vary in population characteristics, the conclusions mostly suggest that magnesium and zinc play a protective role against CRC, and our findings contribute to the existing evidence on this topic. Distinct from the aforementioned studies, our data were derived from the PLCO database, the study population included both men and women, and with a long follow-up period and a large sample size, the results obtained were adjusted for multiple confounders.

In recent years, there have been relatively few studies on selenium and CRC. The selenium and vitamin E cancer prevention trial (SELECT) was a randomized, placebo-controlled trial of 35,533 men followed for a minimum of 7 years and a maximum of 12 years between August 22, 2001, and June 24, 2004. Lippman et al., analyzed data from this trial to assess the potential of selenium and vitamin E in preventing prostate cancer, with prespecified secondary outcomes including lung and CRC. But selenium was not statistically significantly associated with CRC (compared to the placebo group, selenium HR = 1.05 99% CI = 0.66–1.67) (42). However, our findings indicate that selenium is a protective factor against CRC when selenium intake is in the range of 81.59–110.78 mcg/day, with statistically significant results in three adjusted models. Comparing these findings with those of the above studies, we can hypothesize that the protective effect of selenium against CRC is more pronounced in women, which is confirmed in our results.

There are many differing views on the effect of iron intake on CRC. Summarizing past studies, we find that one American, one Canadian and one French case-control study all concluded that higher risks of CRC was observed for iron intake (43–45). But a case-control study from Australia suggested that iron has been observed to reduce the risk of CRC (46). All of the above are case-control studies. In addition, a European prospective cohort study finds that iron intake was not associated with CRC risk (HRQ5vs.Q1: 0.88; 95%CI: 0.73, 1.06) (47). After our analysis of the PLCO database, we found that the risk of CRC was significantly decreased when total iron intake reached the fourth quartile (P for trend <0.05). Comparing these studies, we hypothesize that the differing findings may be due to the proportion of dietary versus supplemental iron intake, a topic that necessitates further exploration. In addition, the different study population, length of follow-up, and sample size of the cohort study may have contributed to the differences in results from previous studies.

The association between copper intake and cancer has been widely reported, but the specific effect of copper intake on the risk of CRC in human populations remains unclear. Some studies have suggested that copper may reduce the risk of lung and esophageal cancer (48), while others have reported that there is no evidence of an association between dietary copper intake and cancer development (21, 49). The results of a case-control study in Burgundy, France showed the odds ratios associated with the fourth quartile of intake were 2.4 (95%CI, 1.3–4.6) (50). In contrast, by analyzing data from 1,100 CRC patients in the PLCO database, we found that copper may reduce cancer risk. The difference between the results of previous studies and our study may be due to the small number of cases, differences in the dietary structure of the population, and unavoidable recall bias.


4.1 Strengths and limitations of this study

Strengths of this study include its prospective design, a large population sample size, a long follow-up period, a high level of confidence in the authenticity and validity of the outcome screening, and very detailed information about the diet. However, this study has some limitations. Firstly, the sample population in this study was mostly non-Hispanic whites, which may affect the generalization of the findings to other populations. Secondly, residual confounders could not be completely excluded despite adjusting for some confounders using the three models. Lastly, this study did not assess the effects of the interaction of genetic factors and various minerals in the development of CRC.




5 Conclusion

In conclusion, for the analysis of PLCO, a large US cohort, our findings not only corroborate the conclusions of previous studies on the protective role of minerals magnesium and zinc in the development of CRC, but also suggest new perspectives on the role of copper, iron, and selenium in CRC. Minerals factors play an important role in the prevention of disease, and an in-depth study of minerals can be beneficial in the prevention of cancer.
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Background: Intervertebral disk degeneration (IVDD) is a complex degenerative skeletal condition, potentially influenced by micronutrients and serum metabolites in its etiology. However, the exact causal relationship between these factors and IVDD remains ambiguous.
Methods: The research employed a Two-Sample Mendelian Randomization (2SMR) analysis to thoroughly evaluate the causal relationship between 15 micronutrients (consisting of 7 minerals and 8 vitamins) as exposure variables, 1,091 blood metabolites, and 309 metabolite ratios as intermediary factors, and IVDD as the outcome. Additionally, reverse MR analysis and mediation analysis were carried out to validate the reliability of the results and explore the underlying mechanism by which micronutrients influence the risk of IVDD by regulating metabolites.
Results: Among the micronutrients examined, vitamin B12 exhibited a noteworthy negative correlation with the incidence of IVDD (OR: 0.752, 95% [CI]: 0.573–0.987, p = 0.040), indicating a potential reduction in IVDD risk with increased vitamin B12 consumption. Of the 1,091 blood metabolites and 309 metabolite ratios analyzed, 52 metabolites displayed significant associations with IVDD, primarily linked to amino acid, fatty acid, nucleotide, and sphingolipid metabolic pathways. Mediation analysis identified 4-acetaminophen sulfate as a potential mediator in the protective effect of vitamin B12 against IVDD.
Conclusion: This study has shown that vitamin B12 may reduce the risk of IVDD and has identified 52 serum metabolites that are associated with IVDD. Furthermore, it proposes that 4-acetaminophen sulfate could serve as a potential mechanism by which vitamin B12 exerts its inhibitory effects on IVDD.
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1 Introduction

Intervertebral disk degeneration (IVDD) is a notable factor in the morbidity of the elderly population, significantly impacting quality of life through the presence of chronic back pain and limitations in mobility. This condition is distinguished by a progression of degenerative alterations in the structure of the disk, encompassing inflammatory mechanisms, apoptosis of disk cells, and degradation of the extracellular matrix (1). These pathological changes result in desiccation of the nucleus pulposus, fissures in the annulus fibrosus, and diminished disk height (2). Various treatment options exist, including conservative management and surgical intervention, but there is a noticeable absence of effective early prevention methods. Recent epidemiological findings indicate a possible connection between micronutrient imbalances, metabolic disturbances, and the development of skeletal disorders like IVDD (3, 4). This highlights the necessity of exploring the impact of specific micronutrients and serum metabolites on the pathogenesis of disk degeneration (5), potentially leading to innovative nutritional interventions and preventive measures.

Recent studies have shown a growing interest in exploring the correlation between micronutrient consumption and IVDD. Research has indicated a significant association between specific micronutrients, such as vitamins D, C, K, and zinc, and susceptibility to IVDD. For instance, a lack of 1,25-dihydroxyvitamin D (1,25(OH)2D) has been found to hasten the progression of IVDD by impeding the synthesis of extracellular matrix proteins and facilitating their breakdown (6). Furthermore, vitamin K2 seems to regulate inflammatory responses in IVDD by controlling the expression of Socs3 and Hmox1 genes (7). Zinc ions have been implicated in the regulation of matrix metalloproteinase activity in intervertebral disk cells, indicating that alterations in intracellular zinc levels may have a significant impact on the development of IVDD (8). Additionally, the FokI polymorphism within the vitamin D receptor (VDR) gene has been shown to modulate the response of intervertebral disk cells to vitamin D; specifically, cells with the FF genotype exhibit increased synthesis of matrix proteins and reduced expression of degrading enzymes in response to vitamin D, in contrast to those with the Ff genotype (9). This discovery offers novel insights into the potential advantages of vitamin D supplementation for individuals with IVDD. Mechanical overload is acknowledged as a risk factor for IVDD. Recent research indicates that selenium supplementation may mitigate ferroptosis in disk cells caused by mechanical stress by activating the Se-GPX4 and Se-SelK pathways, thus preserving extracellular matrix integrity (10). However, research on the association between other micronutrients and IVDD remains limited. Recent studies have also focused on the role of serum metabolites in IVDD. Notable fluctuations in metabolite concentrations have been observed in individuals with IVDD, suggesting a metabolic component in the disease’s pathogenesis. For instance, a study conducted by Wang et al. (4) demonstrated that a high-fat diet not only improved symptoms of IVDD in rats but also positively altered their serum metabolite profiles, underscoring the potential impact of metabolic alterations on IVDD. Moreover, Ji et al. (11) performed a Mendelian randomization (MR) analysis on a cohort of 157 Nordic individuals, revealing robust correlations between 13 serum metabolites, specifically within lipid and amino acid metabolic pathways, and IVDD. Despite these findings, further investigation into the relationship between serum metabolites and IVDD is in its nascent stages, highlighting a notable deficiency in thorough, prospective metabolomic research.

MR analysis utilizes genetic variations as instrumental variables to mimic the structure of conventional randomized controlled trials, thereby mitigating the impact of confounding variables (12). The increased prevalence of genome-wide association studies (GWAS) and the larger sample sizes in GWAS meta-analyses have bolstered the credibility of MR analysis in pinpointing risk factors associated with intricate diseases. Furthermore, the emergence of high-quality genetic instrumental variables derived from GWAS summary data on micronutrients and metabolites has broadened the applicability of MR analysis (13). Furthermore, mediation analysis offers a rigorous quantitative technique for assessing the impact of mediators on the causal pathways linking exposure variables and outcomes, grounded in principles of causal inference. This methodology is essential for elucidating the underlying mechanisms of causal associations (14). Consequently, the present study will employ a two-sample Mendelian randomization (2SMR) approach, leveraging recent GWAS data on micronutrients, serum metabolites, and IVDD. The aim is to examine the causal relationships between micronutrients and IVDD, as well as to investigate the potential mediating effects of metabolites through MR mediation analysis.



2 Methods


2.1 Data sources

This research examined summary data for 15 micronutrients, consisting of seven minerals and eight vitamins, obtained from the GWAS database1 as outlined in Table 1. Furthermore, we integrated genome-wide association findings for 1,091 blood metabolites and 309 metabolite ratios as reported by Zhao et al. (13). In order to validate the genetic instrumental variables, stringent selection criteria were employed. Only loci meeting the following criteria were included: (1) demonstrating genome-wide significance (p < 5 × 10−6) in GWAS; (2) exhibiting low linkage disequilibrium (LD) with an r2 < 0.001, and spatially separated by more than 10,000 kb; and (3) possessing an F-statistic exceeding 10, indicating strong instrument strength, calculated as F = R2(n−2)/(1-R2), where n represents the effective sample size for single nucleotide polymorphisms (SNPs) association analysis in GWAS and R2 represents the explained phenotypic variance by the instrumental variable (15). The GWAS summary data for IVDD, identified as “finn-b-M13_INTERVERTEB,” were acquired from the FinnGen consortium,2 which included 20,001 cases and 164,682 controls (Figure 1).



TABLE 1 The detailed information on the GWAS of micronutrients.
[image: Table displaying micronutrients with columns for sample size, population, and GWAS ID. All populations are European. Most sample sizes are sixty-four thousand nine hundred seventy-nine, with exceptions for copper, selenium, zinc, and vitamin A.]
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FIGURE 1
 Flow chart of the study. Mendelian randomization study rationale: assumption 1, genetic instruments are associated with exposure; assumption 2, genetic instruments are not associated with confounders; assumption 3, genetic instruments are not associated with outcome, and genetic instruments act on outcome only through exposure.




2.2 MR analysis

In this research, we utilized the 2SMR method with summary-level data from GWAS to investigate potential causal associations between 15 micronutrients and IVDD (16). Our selection of SNPs as genetic instrumental variables for each micronutrient was based on rigorous criteria, with these SNPs acting as instrumental variables for the exposure and IVDD serving as the outcome variable. Univariate 2SMR analyses were performed for each micronutrient using the “TwoSampleMR” package (17) in R (version 4.1.3), with a primary focus on employing the Inverse Variance Weighted (IVW) method to estimate causal effects. The robustness of our results was additionally confirmed through various sensitivity analyses, such as MR-Egger regression, the weighted median method, simple mode, and weighted mode approaches, as well as Cochrane’s Q test to evaluate heterogeneity among the instrumental variables for each micronutrient (18–20). Further sensitivity analyses were performed to assess the potential impact of horizontal pleiotropy, utilizing the MR-Egger intercept test, the Mendelian Randomization Pleiotropy RESidual Sum and Outlier (MR-PRESSO) global test (21), and Leave-One-Out Analysis. These assessments were designed to identify and correct for any pleiotropic influences that may introduce bias into the causal inferences. All statistical tests were carried out using a significance threshold of p < 0.05 to ensure the reliability of our results.



2.3 Reverse MR analysis

In order to explore the potential mediating effect of serum metabolites on the relationship between trace elements and IVDD, we performed a reverse MR analysis on trace elements that did not show a reverse causal relationship with IVDD in an initial MR evaluation of 15 trace elements. This analysis was conducted to eliminate the possibility of reverse causality between trace elements and IVDD. We employed the IVW method as our principal statistical technique, supplemented by various sensitivity analyses such as MR-Egger regression, the weighted median method, simple mode, and weighted mode methods to thoroughly evaluate the robustness of the reverse causal relationships. Within the framework of reverse MR, IVDD was considered as the exposure variable, while the concentrations of trace elements were regarded as the outcome variable. Through the integration of results from various methodologies, we pinpointed trace elements that did not exhibit substantial reverse causal relationships with IVDD. This specific selection allowed for a more in-depth examination of the mediating influences of serum metabolites in subsequent mediation MR analyses. A significance threshold of p < 0.05 was consistently upheld for all statistical analyses.



2.4 Mediation analysis

In order to investigate potential serum metabolite mediators in the confirmed positive correlations between trace elements and IVDD, a two-step mediation analysis approach was employed. Initially, univariable 2SMR analysis was carried out utilizing the “TwoSampleMR” package. This analysis employed screened serum metabolite SNPs as exposures and IVDD as the outcome. The IVW method was selected as the primary method to estimate causal effects, and was supported by sensitivity analyses, including MR-Egger regression, the weighted median method, simple mode, and weighted mode methods. Additionally, heterogeneity among genetic instrumental variables was assessed using Cochrane’s Q test. The influence of horizontal pleiotropy and outliers was evaluated using the MR-Egger intercept test, MR-PRESSO global test, and leave-one-out analysis to ensure the robustness and validity of our findings.

In the second phase of our analysis, serum metabolites demonstrating significant causal effects from the initial analysis were designated as outcome variables, while trace elements exhibiting a unidirectional causal relationship with IVDD risk were used as exposure variables. We conducted a univariable 2SMR analysis using the IVW method to identify potential mediators. For estimating the effect size of each mediator, we employed the product of coefficients method (22). This approach first calculates the effect value beta1 of trace elements on mediators, then determines the adjusted effect value beta 2 of mediators on IVDD. The product of beta1 and beta2 yields the indirect effect, representing the influence of trace elements on IVDD through mediators (23). To uphold a fundamental assumption of mediation MR analysis—that the genetic instrumental variables for estimating beta1 and beta2 should be independent—we excluded SNPs significantly influenced by trace elements in the beta2 estimation to prevent redundancy. The proportion of the total effect of trace elements on IVDD accounted for by each mediator is quantified by dividing the indirect effect by the total effect. Standard errors were calculated using the delta method, drawing on the effect estimates from the 2SMR analysis.




3 Results


3.1 MR analysis of micronutrients and IVDD

A 2SMR analysis was utilized to examine the association between micronutrients and IVDD, with 15 micronutrients being categorized into two groups consisting of 7 minerals and 8 vitamins (Figure 2A). The findings indicated that, of all the micronutrients examined, only vitamin B12 exhibited a statistically significant negative correlation with the likelihood of developing IVDD (OR: 0.752, 95%CI: 0.573–0.987, p = 0.040). These results suggest that augmenting one’s intake of vitamin B12 may potentially decrease the risk of IVDD (Figures 2B,C). The Cochrane’s Q test results (Q = 5.710, p = 0.573) revealed no significant heterogeneity among the instrumental variables used in the analysis. Additionally, the MR-Egger intercept test (egger_intercept = 0.0043, p = 0.773) and MR-PRESSO (p = 0.598) detected no horizontal pleiotropy, affirming the reliability of the MR findings in this study.

[image: Panel A shows a summary table and forest plot of Mendelian randomization results evaluating multiple micronutrients’ associations with IVDD, highlighting a statistically significant inverse association for vitamin B12 (p equals 0.040, OR equals 0.752, 95 percent CI 0.573 to 0.987). Panel B displays a scatterplot of single nucleotide polymorphism (SNP) effects on IVDD versus vitamin B12, colored by multiple Mendelian randomization test methods. Panel C presents a leave-one-out sensitivity analysis forest plot for vitamin B12’s effect on IVDD, showing stability of the effect. Panel D shows reverse Mendelian randomization results with summary statistics, indicating no significant causal effect of IVDD on vitamin B12 levels.]

FIGURE 2
 Mendelian randomization (MR) and reverse MR analyses of 15 micronutrients and IVDD. (A) Forest plot of the MR analyses between 15 micronutrients and IVDD. (B) Scatter plot of the MR analysis between vitamin B12 and IVDD. (C) Forest plot of the MR analysis between vitamin B12 and IVDD. (D) Forest plot of the reverse MR analyses between 15 micronutrients and IVDD.


In order to address the potential for reverse causation between vitamin B12 and IVDD, we conducted a reverse MR analysis. Our analysis demonstrated that when considering IVDD as the exposure and vitamin B12 as the outcome, there was no significant causal relationship (Odds Ratio: 0.997, 95% Confidence Interval: 0.971–1.024, p = 0.877) (Figure 2D). These findings substantiate a unidirectional causal relationship from vitamin B12 to IVDD, unaffected by reverse causality, thus providing a robust basis for further mediation analysis.



3.2 MR analysis of serum metabolites and IVDD

To elucidate the causal relationship between blood metabolites and IVDD, we systematically analyzed 1,091 blood metabolites and 309 metabolite ratios employing a 2SMR approach. Prior to the analysis, genetic loci with linkage disequilibrium and weak instrumental variables were excluded to preserve the integrity of the study. Each metabolite then underwent univariable two-sample MR analysis, followed by tests for pleiotropy to identify metabolites with robust associations. Finally, we identified 52 serum metabolites significantly associated with IVDD (Figure 3). These include seven amino acid derivatives (S-α-amino-ω-caprolactam, 2-hydroxy-3-methylvalerate, alpha-hydroxyisocaproate, butyrylglycine, N-acetyl-L-glutamine, N-delta-acetylornithine, vanillic acid glycine); 14 fatty acid derivatives (1-(1-enyl-palmitoyl)-2-linoleoyl-GPE [p-16:0/18:2], 1-(1-enyl-stearoyl)-GPE [p-18:0], 1-palmitoleoyl-GPC [16:1], 1-palmitoyl-2-arachidonoyl-GPC [16:0/20:4n6], 1-stearoyl-2-arachidonoyl-GPC [18:0/20:4], 1-stearoyl-2-linoleoyl-GPI [18:0/18:2], 2-hydroxydecanoate, 3-hydroxyhexanoate, 3β-hydroxy-5-cholenoic acid, 5-dodecenoate [12,1n7], ceramide [d18:1/17:0, d17:1/18:0], glycosyl-N-behenoyl-sphingadienine [d18:2/22:0], octadecenedioate [C18:1-DC], taurodeoxycholate); five nucleotide derivatives (5-methylthioadenosine [MTA], 5,6-dihydrothymine, N6-carbamoylthreonyladenosine, N2-acetyl, N6,N6-dimethyllysine, N6,N6-dimethyllysine); four sphingolipids (sphingomyelin [d18:1/20:2, d18:2/20:1, d16:1/22:2], sphingomyelin [d18:1/21:0, d17:1/22:0, d16:1/23:0], sphingomyelin [d18:2/23:1], isovalerylcarnitine [C5]); seven other known metabolites (5α-androstan-3β,17α-diol disulfate, cortisol, 2,3-dihydroxy-2-methylbutyrate, 3,5-dichloro-2,6-dihydroxybenzoic acid, 4-acetaminophen sulfate, hypotaurine, mannonate); and 15 unknown metabolites. These findings provide valuable insights into the metabolic pathways potentially contributing to IVDD.
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FIGURE 3
 Forest plot illustrating the positive results from the MR analyses between 1,091 blood metabolites, 309 metabolite ratios, and IVDD.




3.3 Mediation analysis of 52 serum metabolites in the causal relationship between vitamin B12 and IVDD

In order to explore the potential mediating effect of serum metabolites on the causal association between vitamin B12 and IVDD, we conducted a systematic mediation analysis using a two-step methodology. Initially, 2SMR analyses were performed with vitamin B12 as the exposure and 52 IVDD-associated serum metabolites as outcomes to estimate the effect size (beta1). Among these metabolites, only 4-acetaminophen sulfate demonstrated a significant causal relationship with vitamin B12 (OR: 2.121, 95% CI: 1.237–3.636, p = 0.006, beta1 = 0.752) (Figure 4A). The results of the Cochrane’s Q test (Q = 3.609, p = 0.890) indicated an absence of significant heterogeneity across the instrumental variables utilized in the analysis. Further, both the MR-Egger intercept test (egger_intercept = −0.00027, p = 0.992) and MR-PRESSO (p = 0.915) showed no evidence of horizontal pleiotropy. In the second step, excluding significant genetic instrumental variables involved in calculating beta1, we assessed the effect of 4-acetaminophen sulfate on IVDD (beta2). This analysis revealed that increased levels of 4-acetaminophen sulfate significantly reduced the risk of IVDD (OR: 0.952, 95% CI: 0.909–0.997, p = 0.038, beta2 = −0.048) (Figure 4B). The Cochrane’s Q test (Q = 22.659, p = 0.539) showed no significant heterogeneity among the instrumental variables. Additionally, the MR-Egger intercept test (egger_intercept = 0.00343, p = 0.719) and MR-PRESSO (p = 0.547) found no horizontal pleiotropy, confirming the reliability of the MR results in this study. To determine the total effect of vitamin B12 on IVDD, a direct MR analysis was performed, showing a significant reduction in IVDD risk with increased vitamin B12 levels (OR: 0.752, 95% CI: 0.573–0.987, p = 0.040, beta total = −0.284) (Figure 4C). Finally, we incorporated beta1, beta2, and beta total into the mediation model to calculate the mediated effect of 4-acetaminophen sulfate. Our findings suggest that vitamin B12 may reduce the risk of IVDD by promoting increased levels of 4-acetaminophen sulfate [Mediated effect (beta1*beta2): −0.0365 (−0.0573, −0.0158)] [Mediated proportion: 12.8% (20.1, 5.56%)] (Figure 5).

[image: Panel A shows scatter and forest plots of SNP effects of Vitamin B12 on GCST90200346 using multiple Mendelian Randomization (MR) statistical tests, while Panel B presents similar analysis for 4-acetaminophen sulfate levels on IVDD. Panel C is a table summarizing exposures, outcomes, number of SNPs, methods, p-values, and odds ratios with confidence intervals for MR methods, with results visualized using horizontal confidence interval plots.]

FIGURE 4
 Mediation MR analyses. (A) Scatter plot and forest plot of the MR analysis between vitamin B12 and 4-acetaminophen sulfate levels. (B) Scatter plot and forest plot of the MR analysis between 4-acetaminophen sulfate levels and IVDD. (C) Summary forest plot of the mediation analyses.


[image: Diagram illustrating a mediation model where exposure influences a mediator (beta 1), which then affects the outcome (beta 2), with the total effect indicated as beta total. Below, a table shows Vitamin B12 as exposure, 4-acetaminophen sulfate levels as mediator, IVDD as outcome, mediated effect as negative zero point zero three six five with a confidence interval of negative zero point zero five seven three to negative zero point zero one five eight, and mediated proportion as twelve point eight percent with a range of twenty point one and five point five six percent.]

FIGURE 5
 Mediation effects and proportion mediated by serum metabolites.





4 Discussion

The purpose of this study was to identify micronutrients that may reduce the risk of IVDD and to elucidate the serum metabolites mediating this protective effect. We employed several analytic methods, including 2SMR, reverse MR, and mediation MR. Our results suggest that vitamin B12 could decrease the risk of IVDD by enhancing the expression of the serum metabolite 4-acetaminophen sulfate.

The correlation between micronutrients and IVDD is becoming more acknowledged in the fields of orthopedics and nutrition. Micronutrients play a critical role in numerous metabolic processes and physiological functions, aiding in the maintenance of the structural and functional integrity of connective tissues like bone and cartilage (24). Therefore, the examination of how micronutrients influence IVDD is essential for the advancement of nutritional interventions and preventative measures. The present study examined 15 micronutrients, comprising 7 minerals and 8 vitamins, with the objective of elucidating their potential causal relationships with susceptibility to IVDD. Previous research has underscored the correlation between zinc and the advancement of IVDD, wherein elevated zinc concentrations in disk cells trigger the activation of matrix metalloproteinases (MMPs), thereby hastening the degradation of the extracellular matrix. Conversely, diminished zinc levels under hypoxic conditions may impede MMP function, suggesting a plausible protective mechanism against cellular injury (8). Selenium, a cofactor essential for the activity of antioxidant enzymes like glutathione peroxidase (GPX4), is pivotal in attenuating ferroptosis and oxidative stress in intervertebral disk cells. Research indicates that mechanical stress can trigger Piezo1 ion channels, resulting in calcium overload and endoplasmic reticulum stress in these cells, thereby exacerbating ferroptosis. Supplementation with selenium has been demonstrated to decrease intracellular free calcium levels and ameliorate oxidative stress and ferroptosis, consequently reducing the likelihood of IVDD. These results emphasize the considerable protective effects of micronutrients in preventing disk degeneration (10, 25). However, the MR analysis did not find a causal relationship between the seven minerals examined and the risk of IVDD. This lack of association may be due to constraints related to the genetic instrumental variables utilized and the limited sample size.

The results of our study demonstrate a notable causal association between vitamin B12 and IVDD, suggesting a potentially more pronounced connection with vitamins compared to minerals. Epidemiological research has established a robust correlation between vitamin D insufficiency and degeneration of the lumbar disks, with evidence indicating that vitamin D supplementation effectively reduces this risk (26). In vitro investigations indicate that vitamin D promotes the integrity of nucleus pulposus cells by increasing Sirt1 expression, suppressing the NF-κB inflammatory pathway, and decreasing MMPs and inflammatory mediators (6). The depletion of VDR has been shown to markedly diminish cell proliferation and matrix synthesis, hastening apoptosis and senescence. Nevertheless, administration of vitamin D has been found to partially counteract these deteriorative effects by activating Sirt1 and inhibiting the NF-κB pathway (9, 27). Furthermore, the deficiency of vitamin C, frequently seen alongside inadequate levels of vitamin D, poses a potential risk factor for IVDD in the elderly population. Vitamin C plays a crucial role in collagen synthesis, and its insufficiency can impair the functionality of connective tissues by diminishing collagen production and compromising structural integrity. Additionally, the progression of IVDD may lead to localized tissue inflammation, which can exacerbate the depletion of vitamin C levels, perpetuating a detrimental cycle that accelerates disk degeneration (28).

Furthermore, alongside vitamins D and C, vitamin B12 is being recognized as a potentially significant factor in the development of IVDD. While direct evidence linking vitamin B12 to IVDD is currently limited, several studies suggest that vitamin B12 may offer protection against IVDD through mechanisms involving anti-inflammatory, antioxidative, and autophagy-regulating pathways. Inflammation and oxidative stress play crucial roles in the pathogenesis of IVDD. Experimental models have shown that supplementation with vitamin B12 can reduce levels of inflammatory mediators such as IL-1β and IL-6, as well as decrease malondialdehyde (MDA) levels and enhance glutathione content. Furthermore, vitamin B12 has been shown to suppress the TLR-4/NF-κB signaling pathway, leading to the inhibition of subsequent inflammatory reactions (29). A study also demonstrated that supplementation with a B-vitamin complex, which includes folic acid, vitamin B6, and B12, improved neurobehavioral deficits in offspring mice exposed to maternal PM2.5 by regulating neuroinflammatory markers and decreasing oxidative stress (30). Studies in diabetic rat models have also demonstrated that vitamin B12, combined with folic acid, alleviates nicotine-induced insulin resistance and pancreatic β-cell apoptosis through antioxidative and anti-inflammatory actions (31). Moreover, research has indicated that vitamin B12 can provide protective benefits against tissue damage by regulating autophagy. High doses of vitamin B12 have been found to effectively decrease oxidative stress and apoptosis in cases of myocardial ischemia–reperfusion injuries by increasing SIRT3 and AMPK activity, inhibiting Nox2 expression, and reducing levels of cleaved caspase-3 (32). In vitro, vitamin B12 has also shown to safeguard RIN-m5F pancreatic β-cells from high glucose-induced apoptosis by activating autophagy (33). Moreover, vitamin B12 was found to reduce infarct volume in a rat model of focal cerebral ischemia by upregulating the ERK1/2 pathway and Beclin1 expression, while downregulating Bax and cleaved caspase-3 (34). Collectively, these results collectively indicate that vitamin B12 may provide protective effects in conditions like IVDD by reducing inflammation, alleviating oxidative stress, and regulating autophagy.

In addition to its known anti-inflammatory, antioxidative, and autophagy-regulating effects, vitamin B12 may play a role in the development and progression of IVDD by influencing metabolite levels in the body. Using 2SMR, we investigated the potential causal relationships between 1,091 blood metabolites and 309 metabolite ratios with IVDD. Our analysis revealed 52 serum metabolites that were significantly linked to IVDD, including amino acid derivatives, fatty acids, nucleotides, sphingosine, and sphingolipids. Prior research supports the association between the progression of IVDD and notable metabolic changes that can impact the development of the condition by influencing multiple pathological mechanisms, including inflammation, apoptosis, autophagy, and matrix degradation in disk cells. Specifically, the accumulation of lactate, a byproduct of glycolysis, in degenerated disks has been identified as a potential inducer of senescence and oxidative stress in nucleus pulposus cells, potentially through the modulation of the PI3K/Akt pathway (35). Furthermore, metabolomic investigations have revealed disturbances in lipid metabolism, particularly involving phospholipids, cholesterol esters, and triglycerides, as well as in bile acid metabolism among individuals with IVDD. These findings indicate the potential of these metabolites as biomarkers and targets for therapeutic intervention (4, 11). The metabolites identified in this study, including various fatty acids (e.g., 2-hydroxydecanoate, octadecenedioate) and sphingolipids (e.g., sphingomyelin), align with prior metabolomic findings (36). Furthermore, certain metabolites, including 5′-methylthioadenosine (MTA), a sulfur-containing nucleoside, have been observed in other musculoskeletal disorders and may impact IVDD through comparable mechanisms. Recent studies have shown that MTA has the potential to alleviate inflammation-induced bone loss by inhibiting the RANKL-induced NFκB-NFATc1 signaling pathway and suppressing osteoclast differentiation and activity, thus regulating inflammatory reactions in IVDD (37).

The results of further mediation analysis suggest that heightened levels of vitamin B12 may have a significant impact on reducing the risk of IVDD, potentially through the mediation of increased levels of 4-acetaminophen sulfate. Vitamin B12, an essential coenzyme involved in the methionine cycle, plays a crucial role in the regulation of homocysteine metabolism and the maintenance of sulfate homeostasis within the body (38). This investigation highlights the ability of vitamin B12 to substantially raise levels of 4-acetaminophen sulfate, potentially by enhancing the methionine cycle, increasing sulfate availability, and preserving sulfotransferase function. Moreover, previous studies have indicated that vitamin B12 can improve liver detoxification functions by enhancing acetaminophen sulfation metabolism (39). This process may lead to the inhibition of IVDD progression through the modulation of inflammatory responses, regulation of matrix metabolism, and protection of intervertebral disk cell function. Additionally, elevated levels of the sulfated metabolite, 4-acetaminophen sulfate, suggest an increased detoxification capacity, which may aid in the efficient clearance of toxic substances related to IVDD and reduce their detrimental impact on intervertebral disks (40).

Although this study employed MR analysis to investigate the causal relationships between micronutrients, metabolites, and IVDD, several limitations exist. First, selection bias and the limited strength of genetic instrumental variables may affect the analytical power. Second, due to gaps in current metabolomic and nutriomic studies, many micronutrients and metabolites lack suitable genetic instruments and were excluded, potentially underestimating their impact on IVDD. Additionally, we did not apply multiple testing corrections such as Bonferroni adjustment, as our primary objective was to identify potential biomarkers or therapeutic targets for IVDD. The stringent Bonferroni criteria might exclude meaningful indicators. Furthermore, while mediation analysis suggests a mediating effect of 4-acetaminophen sulfate in the association between vitamin B12 and IVDD, the precise molecular mechanisms remain unclear. The effects of vitamin B12 may involve various pathological pathways not comprehensively explored in this study. Future research should expand sample sizes, include diverse populations, conduct prospective cohort studies and randomized controlled trials, and incorporate histopathological assessments to further validate the causal relationships and underlying mechanisms.



5 Conclusion

This study utilized MR analysis to establish a significant association between vitamin B12 and a decreased risk of IVDD. Out of the 1,091 blood metabolites and 309 metabolite ratios analyzed, 52 were found to be correlated with IVDD risk. Particularly noteworthy is the potential role of 4-acetaminophen sulfate in mediating the protective effects of vitamin B12. This discovery unveils a new pathway by which vitamin B12 may reduce IVDD risk by influencing the metabolism of 4-acetaminophen sulfate, thereby enhancing our comprehension of the mechanisms involved in IVDD progression.
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Purpose: To determine the association between dietary antioxidant sources and non-alcoholic fatty liver disease (NAFLD).
Methods: In this observational study, we utilized NHANES 2017–2020 data to identify the factors associated with NAFLD in dietary antioxidant sources via weighted multivariate logistic regression models. Then, Mendelian randomization (MR) was applied to investigate the effect of dietary antioxidant sources on NAFLD at the genetic level.
Results: Of the six dietary sources of antioxidants, only vitamin E (Vit E) was significantly associated with NAFLD (OR = 0.98; 95% CI: 0.97–0.99; p = 0.001). Upon adjusting for all covariates, it was determined that the highest quartile of dietary Vit E intake was associated with a decreased NAFLD occurrence compared with the lowest quartile of dietary Vit E intake (p < 0.001). The results of IVW-MR analysis revealed an association between Vit E and NAFLD (OR = 0.028; p = 0.039).
Conclusion: Our research indicates a negative and linear relationship between daily vitamin E intake and NAFLD.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is one of the most common chronic liver conditions worldwide. Studies suggest that the prevalence of NAFLD is more than 30% among adults in the United States and China (1, 2). Based on its histological type, NAFLD can be classified into two types: non-alcoholic fatty liver (NAFL) and non-alcoholic steatohepatitis (NASH), and NASH primarily arises from the advancement of NAFL (3, 4). At present, end-stage liver disease triggered by NAFLD is the primary reason for liver transplantation, accounting for 8.4% of liver transplant cases in Europe and 17.38% in the United States (5, 6). This has been showing an increasing trend each year. NAFLD imposes a significant strain on global public health. Therefore, determining ways to effectively prevent or ameliorate NAFLD is urgently warranted.

Options for the pharmacological treatment of NAFLD are limited; however, evidence suggests the effectiveness of resmetirom in treating NASH (7, 8). Nevertheless, it has not yet received clinical approval. Therefore, the current treatment for NAFLD mainly involves lifestyle intervention and management of comorbidities. Oxidative stress is defined as an imbalance between oxidant production in the body and cellular antioxidant defenses; this ultimately leads to cellular dysfunction and tissue damage, and is an important mechanism in the development of NAFLD (9–11). Oxidative stress can cause increased expression of IRE1a and ATF4, which leads to increased autophagy and activation of hepatic stellate cells (12). The exogenous antioxidants can modulate the damage caused by oxidative stress by neutralising reactive oxygen species (13). Many studies on mice have revealed that NAFLD incidence can be decreased by controlling oxidative stress (14–16). So, we conjecture that there is a possible correlation between the intake of exogenous antioxidants in the daily diet and the onset of NAFLD. Vitamin A (Vit A), vitamin C (Vit C), vitamin E (Vit E), carotenoids, selenium and zinc are common exogenous antioxidants found in our daily diet. Dietary antioxidant sources intervene in hepatic metabolism through multiple metabolic pathways. Vit A can inhibit fatty acid oxidation in the liver (17). Xie ZQ’s study showed that increased serum levels of Vit C reduced the risk of NAFLD (18). Furthermore, Panera et al. have reported that exogenous Vit E supplementation can ameliorate NAFLD-induced liver fibrosis (19). Reduced serum zinc levels can lead to increased hepatic fibrosis in NAFLD patients (20). Dietary selenium consumption can reduce oxidative stress in hepatocytes by enhancing the synthesis of selenoprotein P1 (21). These evidence suggest that there may be some association between antioxidants and NAFLD. After consulting relevant literature, we discovered a lack of studies investigating the relationship between dietary intake of exogenous antioxidants and NAFLD.

In this study, we plan to identify exogenous antioxidants in the daily diet related to NAFLD. Then further analyze the relationship between these selected antioxidants and NAFLD.



Methods


Study population

All data were derived from The National Health and Nutrition Examination Survey (NHANES). The ethics review board of the National Center for Health Statistics approved the NHANES survey protocol, with all participants providing written informed consent before the survey. We selected participants between 2017 and 2020. The exclusion criteria were as follows: (1) age < 20 years, (2) absence of complete dietary data, and (3) incomplete follow-up data.



Exposure and outcomes

Two nonconsecutive 24 h dietary recall interviews were conducted to collect information on the intake of NHANES dietary sources of exogenous antioxidants. Subsequently, the data were converted into estimates of nutrient intake via the Food and Nutrient Database for Dietary Studies of the United States Department of Agriculture. Vit A, Vit C, Vit E, carotenoids, selenium, and zinc are the primary exogenous antioxidants ingested in the daily diet. Based on the NHANES questionnaire results, we determined the intake of dietary sources for each participant.

To further investigate the overall effect of antioxidants from multiple dietary sources, the composite dietary antioxidant index (CDAI) for each participant in NHANES was calculated based on their dietary records. The CDAI represents a composite score of the above six dietary antioxidant intakes. CDAI calculations follow a previously established and validated methodology (22), as follows:

[image: Mathematical formula expressing CADI as the sum from i equals one to six of the quantity xi minus ui divided by Si, where x, u, and S are indexed variables.]

[image: Mathematical notation showing the variable x in boldface with subscript i, representing the i-th element of a vector or sequence.] is the daily intake of each antioxidant, [image: Mathematical expression showing the variable u with the subscript i in italic serif font.] is the mean value of [image: Mathematical notation showing a bold lowercase x with subscript i, commonly representing the i-th element of a vector in mathematics or statistics.], and [image: Mathematical expression showing the uppercase letter S with a lowercase i as a subscript.] is the standard deviation of [image: Mathematical expression showing the variable u with subscript i in italic font.] (23). NAFLD was defined in this study as a Controlled Attenuation Parameter (CAP) score of ≥248 dB/m in the absence of alcoholism and liver disease (24). Participants with NAFLD were defined as NAFLD group and patients without NAFLD were defined as No NAFLD group.



Covariates

Based on the participant-related data contained in the NHANES database, we selected the following variables as covariates: sex, age, education, BMI, smoking history, diabetes history, fasting blood glucose, red blood cell count (RBC), hemoglobin A1C (HbA1C), lymphocyte count (LN), neutrophil count (NEUT), platelet count (PLT), hemoglobin (Hb), white blood cell count (WBC), C-reactive protein (CRP), Alaninetransaminase (ALT), Alaninetransaminase (AST), and blood lipids.



Mendelian randomization

Based on the results of the cross-sectional study, antioxidants associated with NAFLD were selected as the exposure factor. Single nucleotide polymorphisms (SNPs) closely associated with specific exogenous antioxidants and with correlations satisfying p < 5 × 10−5 were selected as instrumental variables (IVs). We used r2 < 0.001 and kb >10,000 as linkage disequilibrium thresholds to ensure the independence of IV (25). To quantify the strength of the genetic tool, SNP with F-statistic less than 10 are excluded. Inverse variance weighted (IVW) was used as the primary method for MR analysis. Furthermore, MR-Egger regression, weighted median, and other IVW-complementing methods were used. Cochran’s Q test was used to assess heterogeneity among SNPs, whereas MR-Egger regression intercepts were used to assess horizontal pleiotropy. A leave-one-out analysis was performed to estimate the potential effect of individual SNPs on the causal relationship between NAFLD and associated antioxidant intake. Figure 1 illustrates the flow chart of MR analysis.

[image: Flowchart illustrating Mendelian randomization analysis with three blocks labeled Genetic instruments (SNPs), Exposure (Vitamin E), and Outcome (NAFLD), arrows showing assumed relationships, confounders affecting exposure and outcome, and dashed arrows marked with red Xs for violated assumptions.]

FIGURE 1
 Mendelian randomization flow chart.




Statistical analysis

R (4.2.2) was used to perform statistical analysis. A p-value of <0.05 was considered a statistically significant difference. Continuous variables were expressed using mean (standard deviation), whereas categorical variables were expressed using n (%). For continuous variables, group comparisons were conducted using the student t-test. In contrast, the chi-square test was used for categorical variables. Logistic regression models were utilized to analyze the relationship between exogenous antioxidants and NAFLD. The covariates in the crude model were not adjusted, and model 1 comprised all covariates. Restricted cubic splines analysis was used to determine if a non-linear relationship exists between antioxidant intake and NAFLD.




Results


Baseline characteristics

This study included 3,817 respondents, of which 1926 (50.5%) were males and 1891 (49.5%) were females. Figure 2 illustrates the detailed flowchart. Table 1 presents the baseline demographic characteristics. The NAFLD and the No NAFLD groups exhibited significant differences in age, race, education level, body mass index, hypertension prevalence, and diabetes prevalence (p < 0.05 for all). Patients with NAFLD exhibited higher age, education level, and prevalence of diabetes and hypertension.

[image: Flowchart showing participant selection from NHANES 2017 to 2020 starting with 24,814 individuals, filtered to 16,878 with CAP data, 14,589 with complete dietary data, 3,817 with complete follow-up data after excluding 10,772 with incomplete follow-up, resulting in two groups: NAFLD group with 1,898 participants and no NAFLD group with 1,919 participants.]

FIGURE 2
 The participant selection flow chart.




TABLE 1 Baseline demographic characteristics.
[image: Data table comparing clinical and demographic characteristics between NAFLD and no NAFLD groups with variables such as age, gender, race/ethnicity, education, BMI, smoking, hypertension, diabetes, laboratory values, vitamins, and carotenoid, including p-values for statistical significance.]



Association of exogenous antioxidants and NAFLD

Table 2 summarizes the results of logistic regression analysis. Among the six exogenous antioxidants included in this study, only Vit E was noted to be associated with NAFLD occurrence (OR = 0.98; 95% CI: 0.97–0.99; p = 0.001).



TABLE 2 Association of dietary antioxidants and NAFLD.
[image: Table displaying dietary antioxidants alongside their odds ratios with ninety-five percent confidence intervals and p-values. Only Vitamin E shows a statistically significant association with an odds ratio of zero point ninety-eight and p-value of zero point zero zero one.]



Association between Vit E and NAFLD

To investigate the correlation between Vit E and NAFLD, two weighted models were constructed. The results are summarized in Table 3. The crude model’s findings showed that a daily intake of Vit E in the Q4 range reduced the likelihood of developing NAFLD by 26% (OR = 0.74; 95% CI: 0.62–0.89; p = 0.001). After we adjusting for all covariates in model 1, we noted that Vit E intake in Q3 (OR = 0.78; 95% CI: 0.63–0.96; p = 0.019) and Q4 (OR = 0.63; 95% CI: 0.5–0.79; p < 0.001) was significantly associated with a reduced risk of NAFLD. Using a restricted cubic spline plot, we further analyzed the relationship between Vit E intake and NAFLD and noted a linear relationship (p = 0.124; Figure 3).



TABLE 3 Association between Vit E and NAFLD.
[image: Table presenting odds ratios with confidence intervals and p-values for Vitamin E in both crude and adjusted models. For categorical Vitamin E, Q1 serves as reference. Q4 shows reduced odds ratios with statistical significance.]

[image: Line chart with histogram showing odds ratio of NAFLD on the y-axis and vitamin E on the x-axis, with a red curve and shaded confidence interval, reference point at 7.48, and p-value for non-linearity 0.161.]

FIGURE 3
 The dose–response relationship between vitamin E and the prevalence of NAFLD.




Subgroup analysis of the association between Vit E and NAFLD

In males, Q3 doses of Vit E reduced NAFLD incidence by 32% (OR = 0.68; 95% CI: 0.52–0.89; p = 0.006), and Q4 doses by 41% (OR = 0.59; 95% CI: 0.46–0.77; p < 0.001). After adjusting for covariates, these effects were amplified. However, no significant reduction was observed in females.

For participants over 50 years, Q3 (OR = 0.73; 95% CI: 0.57–0.94; p = 0.013) and Q4 (OR = 0.59; 95% CI: 0.46–0.76; p < 0.001) doses significantly reduced NAFLD risk, even after covariate adjustment. No reduction was found in those under 50 years. Table 4 and Figure 4 summarize the results.



TABLE 4 Subgroup analysis for the association between Vit E and NAFLD.
[image: Data table comparing odds ratios, confidence intervals, and p-values for males, females, and two age groups under crude and adjusted models. Significant decreasing trends are observed for males and those older than fifty.]

[image: Forest plot with blue circles and horizontal lines representing effect estimates and ninety-five percent confidence intervals for subgroups by gender and age, comparing quartiles Q1 to Q4 and trend test for each group. Data columns display total participants and event percentages.]

FIGURE 4
 Forest plot demonstrates the risk association between different doses of dietary sources of vitamin E and NAFLD across various subgroups.




MR analysis

Genome-wide association study (GWAS) statistics for NAFLD were obtained from a genome-wide meta-analysis predominantly comprising European populations, which was conducted by Ghodsian et al. (26). GWAS data for Vit E supplementation were collected from UK Biobank: ukb-a-463. Based on the selection criteria for SNPs, 24 SNPs were ultimately included to investigate the association between Vit E intake and NAFLD (Supplementary Table S1). IVW analysis revealed a causal connection between Vit E supplementation and NAFLD risk (OR = 0.028; p = 0.039). Analysis of scatter and funnel plots suggested a relatively balanced sample selection, with no evident bias (Figures 5, 6). IVW and MR-Egger regression analyses indicated that Cochran’s Q statistic was 17.313 (p = 0.794) and 17.312 (p = 0.746), respectively. This suggests the absence of heterogeneity among SNPs. Leave-one-out analysis revealed that upon removing any one SNP, the results of the remaining SNPs consistently fell on the same side of the invalid line. This verifies the robustness of the results of the MR analysis (Supplementary Figure S1).

[image: Scatter plot with error bars displays the SNP effect on outcome versus SNP effect on exposure, overlaid with five Mendelian randomization test regression lines: inverse variance weighted, MR Egger, simple mode, weighted median, and weighted mode.]

FIGURE 5
 Scatter plots of Mendelian randomization tests assessing the effect of dietary sources of vitamin E on NAFLD.


[image: Scatter plot displaying β_IV on the x-axis and 1/SE_IV on the y-axis, with black data points distributed across the plot. Two vertical lines represent MR (Mendelian Randomization) methods: inverse variance weighted and MR Egger, as indicated in the legend at the top.]

FIGURE 6
 Funnel plots of Mendelian randomization tests assessing the effect of dietary sources of vitamin E on NAFLD.





Discussion

Studies have confirmed a close association between exogenous antioxidants and the occurrence and development of various diseases (27, 28). However, studies on the association between consuming exogenous antioxidants from dietary sources and NAFLD are limited. NAFLD progression is intricately associated with dietary patterns (29). In the absence of effective pharmacological interventions for NAFLD, we aimed to explore potential treatment modalities for NAFLD by improving lifestyle habits and dietary changes, among other factors.

Our study is the first attempt to utilize NHANES data to investigate the correlation between exogenous antioxidant intake and NAFLD and to establish the association between them at the genetic level via MR analysis. By analyzing exogenous antioxidants from the six common dietary sources included in this study, we discovered that only Vit E intake is significantly associated with the risk of developing NAFLD (p < 0.05). Vit E, an essential nutrient for the human body, comprises the benzodihydropyran structure and exhibits α-tocopherol bioactivity. It belongs to a class of substances primarily found in various plants (30). In addition, Vit E acts as a chain-breaking antioxidant, combating free radicals and scavenging them (31).

Oxidative stress may fundamentally affect NAFLD progression, with a strong correlation between excessive reactive oxygen species generation and NAFLD-associated hepatocyte death (32). Moreover, oxidative stress can increase the levels of IL-2, TNF, and IL-2, which may contribute to hepatic fibrosis (33, 34). Exogenous Vit E supplementation can inhibit JNK-mediated inflammatory signaling pathways to attenuate inflammation levels in patients with NAFLD (35). Vit E supplementation, as demonstrated in a study by Bai Y et al., was found to activate the AMPK pathway and reduce oxidative stress, resulting in improved NAFLD in rats (36).

Several studies have indicated a close relationship between Vit E and NAFLD. To determine into the correlation between the intake of various amounts of Vit E and NAFLD, we developed two distinct models. Both models revealed that the risk of NAFLD was significantly decreased (p < 0.05) with Vit E intake up to Q3 and Q4. Sanyal AJ et al. have suggested that the daily supplementation of 800 IU of Vit E can be used to treat NAFLD (37). Therefore, increasing exogenous Vit E intake may be an effective measure to prevent NAFLD development.

Subgroup analyses revealed a significant association between Vit E and NAFLD in men and those older than 50 years (p < 0.05), but not in women and those younger than 50 years (p > 0.05). Studies have revealed that the dietary patterns of men are dominated by “convenience, red meat, and alcohol,” which often results in oxidative stress and chronic inflammation in the body (38–41). At the same time women produce higher levels of oestrogen which can act as an antioxidant (42). Therefore, in male patients, supplementing Vit E is more essential to decrease oxidative stress in the body and subsequently decrease NAFLD risk. Vit E can efficiently enhance age-related disruption of immune and inflammatory reactions (43). In the present study, we suggested that Vit E can effectively decrease NAFLD risk in the elderly population. Hemilä H’s findings showed that a daily intake of 50 mg of vitamin E reduced the risk of pneumonia by 67% in older people, but did not have the same effect in younger people (44). Study has shown that aging causes elevated levels of reactive oxygen species in the body (45), which promotes oxidative stress. Therefore, age can serve as a determining factor in assessing the need for Vit E, and additional studies are warranted to substantiate this. Although studies on using Vit E for treating NAFLD are available, critical evidence to support the use of Vit E as a key measure for treating and preventing NAFLD is lacking.

Observational studies are often affected by confounding factors; however, MR can analyze the relationship between exposure factors and outcomes while decreasing the effect of confounding factors (46). Based on the conclusions drawn from the cross-sectional study, we further validated the relationship between Vit E intake and NAFLD using MR analysis. IVW-MR analysis revealed an association between Vit E intake and NAFLD. Furthermore, it revealed that Vit E intake decreases NAFLD risk. The results of observational studies and MR analyses support the idea that Vit E supplementation decreases NAFLD risk. Combined with the findings of other related studies (47–49), we hypothesize that Vit E intervenes in NAFLD development primarily by regulating oxidative stress, inflammatory responses, gene expression, and cell signaling. However, the specific molecular mechanism underlying the role of Vit E in NAFLD remains unclear. Therefore, additional experiments are warranted to verify this.

In our study, we analyzed the common exogenous antioxidants in the daily diet and finally observed that Vit E can effectively decrease NAFLD risk. This provides some reference for treating and preventing NAFLD in clinical settings. Our study is the first to use a cross-sectional design combined with MR analysis to explore the relationship between dietary antioxidant sources and NAFLD. The combination of both research methods provided more convincing results. However, our study still has some limitations that should be acknowledged. First information on the intake of exogenous antioxidants was obtained from the 24 h diet recall in the questionnaire, resulting in possible bias from the real situation. Second, owing to the absence of age- and sex-stratified GWAS data, we could not use MR analyses to validate the association between Vit E intake and NAFLD across sex and age found in cross-sectional studies. The subjects of the MR study were all Europeans, so we cannot be sure whether similar results can be obtained in other populations. In addition, MR analysis is a statistical method study and cannot elucidate the intrinsic pathogenesis, thus further relevant clinical and experimental validation is needed.



Conclusion

Our research indicates a negative and linear relationship between daily vitamin E intake and NAFLD. Furthermore, Mendelian randomization results imply a connection between daily consumption of vitamin E and the occurrence of NAFLD. The recommended supplemental dose of vitamin E remains to be determined.
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Background: Vitamin B1 deficiency is closely associated with vascular system damage, but the relationship between dietary vitamin B1 intake and abdominal aortic calcification (AAC) remains unclear and warrants further investigation.



Methods: 2,640 participants from the National Health and Nutrition Examination Survey (NHANES) 2013–2014 were included in the study. Severe AAC was defined as Kauppila score >5. Multivariable logistic regression analysis and restricted cubic splines (RCS) were used to examine the relationship between dietary vitamin B1 and severe AAC.



Results: The increase in dietary intake of vitamin B1 is significantly correlated with a decrease in the risk of severe AAC (OR: 0.601, 95% CI: 0.406, 0.892). Compared to the first quartile of dietary vitamin B1 intake, the fourth quartile had a significantly reduced risk of severe AAC (OR: 0.358, 95% CI: 0.172, 0.744). RCS indicated a decreasing trend in the risk of severe AAC with increasing dietary vitamin B1 intake.



Conclusion: Our research findings indicate that the increase in dietary intake of vitamin B1 is significantly associated with a decrease in the risk of severe AAC. Thus, increasing dietary vitamin B1 intake appropriately may reduce the risk of severe AAC.



KEYWORDS
dietary vitamin B1 intake, severe abdominal aortic calcification, NHANES, multivariable logistic regression, RCS





Introduction

Abdominal aortic calcification (AAC) is a complex pathological process influenced by multiple factors, characterized by the pathological deposition of calcium phosphate crystals within the arterial intima (1). Research findings suggest that with advancing age, both the prevalence and severity of AAC tend to increase gradually (2). Currently known factors closely associated with the onset of AAC include age, chronic kidney disease, gender, diabetes, and hypertension, among others (3–6). Increasing evidence indicates that severe AAC serves as a risk factor for cardiovascular diseases (CVD) and is highly correlated with the rupture of atherosclerotic plaques, adverse cardiovascular events, and increased all-cause mortality risk (7, 8). Despite advancements, our understanding of the mechanisms underlying AAC remains incomplete, and effective preventive and treatment strategies are still lacking. Considering the significant correlation between severe vascular calcification and CVD as well as mortality rates (9), along with the challenges in treatment, further exploration of prevention and improvement methods for AAC is warranted.

Diet plays a crucial role in vascular health. Vitamin B1, as a water-soluble vitamin, is believed to be closely related to vascular health (10). Previous studies on the relationship between dietary vitamins and abdominal aortic calcification have mainly focused on dietary vitamins C, D, and K2 (11–14). However, there is still a lack of research on the relationship between dietary vitamin B1 intake and severe abdominal aortic calcification. Vitamin B1 plays an important role in regulating energy metabolism, maintaining endothelial cell function, and promoting nerve conduction (15). Previous studies have suggested an association between dietary vitamin B1 intake and increased risk of stroke and cardiovascular mortality (16). Despite the biological plausibility, the relationship between dietary vitamin B1 intake and severe AAC remains underexplored. Understanding this relationship is crucial, as it could inform dietary recommendations and public health strategies aimed at preventing or slowing the progression of AAC and its associated cardiovascular risks. Additionally, changing dietary habits as a non-invasive and cost-effective strategy for preventing severe abdominal aortic calcification is more acceptable and easier to implement for the general population.

National Health and Nutrition Examination Survey (NHANES) is a nationally representative survey that evaluates the health and nutritional status of the general United States population by gathering comprehensive data on diet, nutrition, and overall health. This study aims to evaluate the relationship between dietary vitamin B1 intake and AAC in the general population of the United States, utilizing data from NHANES 2013–2014. To fill the gap in research on the relationship between dietary vitamin B1 intake and severe abdominal aortic calcification.



Methods


Study population

NHANES is a cross-sectional study conducted on the general population of the United States aimed at investigating the nutritional and health-related information of the general population. We utilized relevant data on dietary vitamin B1 intake and AAC from NHANES 2013–2014. The 2013–2014 NHANES research protocol received approval from the National Center for Health Statistics. All subjects provided written informed consent forms. The deidentified data from the NHANES initiative is accessible to the general public at no cost. Under local regulations, this subsequent analysis does not necessitate additional authorization from the institutional review committee. A total of 10,175 participants were identified in NHANES 2011–2016. After excluding participants with missing AAC assessments (n = 7,035) and those lacking dietary vitamin B1 data (n = 500), a total of 2,640 participants were included in the final analysis (Figure 1).


[image: Flowchart showing participant selection from NHANES 2013–2014. From 10,175 total participants, 7,035 were excluded for missing AAC data, then 500 more for missing vitamin B1 data, resulting in 2,640 included in the final analysis.]
FIGURE 1
Flowchart depicting participant selection in the study.


Table 1 provides a detailed overview of the baseline characteristics of the 2,640 participants eligible for the study on dietary vitamin B1 and AAC, grouped by the presence or absence of severe AAC. Among them, there were 288 participants with severe AAC and 2,352 participants without severe AAC. The average age of the non-severe AAC group was 59.29 ± 0.27, while the average age of the severe AAC group was 71.03 ± 0.93. There were significant differences between the two groups in terms of age, total cholesterol levels, smoking history, alcohol consumption history, history of CVD, diabetes, and hypertension (P < 0.05).


TABLE 1 Population characteristics stratified by severe AAC.

[image: Table displaying demographic and clinical characteristics of individuals with non-severe and severe aortic arch calcification (AAC), including age, sex, race, BMI, cholesterol, smoking, alcohol use, cardiovascular disease, diabetes, and hypertension, with corresponding p-values for statistical significance.]



Abdominal aortic calcification

AAC was defined using dual-energy x-ray absorptiometry. AAC was visually identified as diffuse white spots in the abdominal aorta. The severity of AAC was quantified using the Kauppila score. Severe AAC was defined as a Kauppila score >5.



Dietary vitamin B1 intake

Dietary vitamin B1 intake was determined by recalling and calculating the food intake of participants over the past 24 h. The NHANES dietary interview procedures manual provided detailed instructions for this process.



Covariates

The study included the following covariates: age, gender, race, BMI, smoking history (never, former, current), alcohol consumption history (never, former, mild, moderate, heavy), total cholesterol, CVD, hypertension, and diabetes status. In terms of smoking, never smoking is defined as smoking less than 100 cigarettes in one's lifetime. Former smoking was defined as having smoked more than 100 cigarettes in one's lifetime but now having completely quit smoking. Now smoking is defined as having smoked more than 100 cigarettes in one's lifetime and currently smoking on some days or every day. In terms of alcohol consumption, never alcohol consumption is defined as drinking less than 12 glasses in one's lifetime. Former alcohol consumption is defined as drinking at least 12 times within a year and not drinking in the previous year, or not drinking in the previous year but drinking at least 12 glasses throughout one's life. Mild alcohol consumption was defined as 0–2 drinks/day for males and 0–1 drinks/day for females. Moderate alcohol consumption was defined as 3 drinks/day for males and 2 drinks/day for females, or binge drinking at least 2 times a month and less than 5 times. Heavy alcohol consumption is defined as men drinking at least 4 drinks per day, women drinking at least 3 drinks per day, or binge drinking at least 5 times a month. CVD was determined through a questionnaire. Hypertension was defined as an average systolic blood pressure ≥140 mmHg and/or an average diastolic blood pressure ≥90 mmHg, diagnosed by a doctor, or the use of antihypertensive drugs. Diabetes was defined as a random blood glucose level ≥11.1 mmol/L, fasting blood glucose ≥7 mmol/L, glycosylated hemoglobin ≥6.5%, two-hour OGTT blood glucose ≥11.1 mmol/L, diagnosed by a doctor, or the use of hypoglycemic drugs.



Statistical analysis

Statistical analysis was performed using R Studio (version 4.2.1) with weighted analysis based on dietary factors. Weighted Student's t-test, Mann Whitney U-test, and Chi-squared test were used to compare the differences between the two groups. Continuous variables were presented as mean (standard error), while categorical variables were presented as numbers (weighted percentages). We divide the intake of vitamin B1 into quartiles, Q1 < 1.09 mg, 1.09 mg ≤ Q2 < 1.43 mg, 1.43 mg ≤ Q2 < 1.89 mg, Q2 ≥ 1.89 mg. The OR and 95% CI are calculated in the “survey” R package. The relationship between dietary vitamin B1 and AAC was explored using multivariable logistic regression. We used an restricted cubic splines (RCS) model with four knots to further explore the association between dietary vitamin B1 and AAC after adjusting for all covariates. We selected the median of dietary vitamin B1 intake as the reference value (1.42 mg). Subgroup analyses were conducted based on age, gender, smoking, alcohol consumption, hypertension, CVD, and diabetes status to investigate the relationship between dietary vitamin B1 intake and severe AAC. The P for interaction is obtained using a likelihood ratio test.




Results


Dietary vitamin B1 intake and severe AAC

To validate the relationship between dietary vitamin B1 intake and AAC, we conducted a multivariable logistic regression analysis. In the unadjusted model (OR: 0.662, 95% CI: 0.511, 0.857), after adjusting for age, gender, race (OR: 0.583, 95% CI: 0.370, 0.917), and adjusting for all covariates (OR: 0.601, 95% CI: 0.406, 0.892), the increase in dietary intake of vitamin B1 is significantly correlated with a decrease in the risk of severe AAC. After full adjustment for covariates, compared to the first quartile of dietary vitamin B1 intake, the fourth quartile showed a significantly reduced risk of severe AAC (OR: 0.358, 95% CI: 0.172, 0.744) (Table 2).


TABLE 2 Relationship between dietary vitamin B1 and severe AAC.

[image: Table summarizing the association between dietary vitamin B1 and severe abdominal aortic calcification using three models. Odds ratios and P-values decrease across quartiles, with significant results in Q4 for all models. Adjustments increase from unadjusted (Model 1) to extensive covariate control (Model 3).]



Restricted cubic splines

RCS depicted the dose-response relationship between dietary vitamin B1 intake and severe AAC. The results showed a linear negative correlation between dietary vitamin B1 intake and the risk of severe AAC (P for overall = 0.003 < 0.05, P for nonlinearity = 0.852 > 0.05) (Figure 2).


[image: Line graph showing the relationship between dietary vitamin B1 intake in milligrams on the x-axis and relative odds on the y-axis, with a red line indicating decreased relative odds as vitamin B1 increases, and shaded pink confidence intervals; dashed vertical and horizontal lines intersect at approximately 1.5 mg and relative odds of 1.]
FIGURE 2
RCS of dietary vitamin B1 and severe AAC. The red solid line represents the smooth curve fitting between variables. The light red area represents the fitted 95% confidence interval.




Subgroup analysis

A subgroup analysis was conducted to examine the relationship between dietary vitamin B1 intake and severe AAC based on age, gender, smoking status, alcohol consumption, presence of diabetes, hypertension, and CVD. All analyses were adjusted for all covariates, except for the stratifying variables (Table 3). The results indicate that the relationship between dietary vitamin B1 intake and severe AAC remains significant in participants aged 60 years and younger, females, current smokers, and those without CVD and diabetes. Interaction analysis revealed that the negative correlation between dietary vitamin B1 intake and severe AAC was more pronounced in participants aged 60 years and younger, females, and current smokers (P for interaction <0.05). Additionally, all subgroup analysis results consistently showed the increase in dietary intake of vitamin B1 is significantly correlated with a decrease in the risk of severe AAC, indicating robust findings across subgroups.


TABLE 3 Subgroup analysis and interaction test of dietary vitamin B1 and severe AAC.

[image: Table showing odds ratios with 95 percent confidence intervals, P-values, and interaction P-values for variables including age, sex, smoking, alcohol consumption, CVD, hypertension, and diabetes, with significant associations noted for several subgroups.]




Discussion

This study aimed to investigate the relationship between dietary vitamin B1 intake and severe AAC in the general population of the United States. Our study results demonstrate that the increase in dietary intake of vitamin B1 is significantly associated with a decrease in the risk of severe AAC. Insufficient dietary vitamin B1 intake may increase the risk of severe AAC. For populations with low dietary intake of vitamin B1, it is recommended to increase the intake of vitamin B1 to reduce the risk of severe AAC. To our knowledge, this is the first study exploring the relationship between dietary vitamin B1 intake and AAC in the general population.

In fact, epidemiological research on AAC is limited. Existing studies have shown that the incidence of AAC is very high. The Framingham Heart Study results indicate that the age of onset of AAC is mainly concentrated between 45 and 65 years old. More than 90% of people aged 65 and above suffer from varying degrees of AAC (2). The Multi-Ethnic Study of Atherosclerosis found that 80% of non-Hispanic Whites, 68% of Hispanic Americans and 63% of African Americans had AAC through the study of 1,957 participants with an average age of 65 years (17). However, more and more evidence suggests that AAC can be treated or even reversed in terms of calcification degree. This prompts people to search for possible treatment methods (18).

Vascular calcification is a process where vascular smooth muscle cells undergo transdifferentiation into osteoblast-like cells under various pathological factors, mediating the abnormal deposition of calcium salts in the vascular wall (19). The pathophysiological mechanisms of this disease are extraordinarily complex and remain incompletely understood, involving cellular osteogenic differentiation, inflammation, oxidative stress, apoptosis, and autophagy (20). Among these, oxidative stress and inflammation play crucial roles in the development of vascular calcification (21). Studies have shown that inflammation is associated with osteogenic activity in the cardiovascular system and vascular calcification. Oxidative stress can activate signaling molecules in the inflammation pathway, such as nuclear transcription factor κB, and a series of inflammatory mediators, such as tumor necrosis factor-α, interleukin-1 (22–24). The release of these inflammatory mediators and activation of inflammatory cells trigger an inflammatory response in the vascular wall, accelerating endothelial cell damage and proliferation, ultimately promoting calcium salt deposition in the vascular wall and the formation of vascular calcification.

Vitamin B1, also known as thiamine, is the first B-vitamin discovered (25). It is a complex organic molecule that acts as a coenzyme in various reactions of glycolysis and the tricarboxylic acid cycle. The primary physiological function of vitamin B1 is to participate in energy metabolism, while also playing important roles in maintaining the normal function of nerves, muscles, especially cardiac muscles, as well as regulating normal appetite, gastrointestinal motility, and digestive secretion (26). In the past, vitamin B1 has been shown to improve endothelial and smooth muscle cell function by reducing the formation of glycolytic metabolism products and inhibiting the proliferation of vascular smooth muscle cells, and it has protective effects against glucose and insulin-mediated proliferation of human vascular smooth muscle cells (27–29). Additionally, vitamin B1 can reduce the degree of oxidative stress in the body, inhibit the production of free radicals, thus protecting endothelial cells and other cells in the vascular wall from oxidative damage (30). Despite some preliminary research findings, there is currently no literature reporting the effect of vitamin B1 on AAC. Our study results suggest a significant correlation between dietary vitamin B1 intake and AAC, indicating that increasing dietary vitamin B1 intake may have a positive effect on reducing the risk of AAC. However, this association and its specific mechanisms require further investigation.

We must acknowledge the limitations of this study. One of the major limiting factors is that this is a cross-sectional study, and therefore, it cannot determine the specific mechanisms underlying the correlation between dietary vitamin B1 intake and AAC. Additionally, the study population included individuals aged 40 and above, so further exploration is needed for the relationship between dietary vitamin B1 intake and AAC in adults under 40 years of age. The study population was limited to the general population in the United States, so caution should be exercised when generalizing these results to other populations. In addition, there is a lack of more recent data on abdominal aortic calcification. The data on abdominal aortic calcification is only available in NHANES 2013–2014, which may result in potential selection bias.



Conclusion

Our research findings indicate that the increase in dietary intake of vitamin B1 is significantly associated with a decrease in the risk of severe AAC. Insufficient dietary vitamin B1 intake may increase the risk of severe AAC.
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Background: The Dietary Approaches to Stop Hypertension (DASH) are associated with reduced cardiovascular, diabetes risk, but the effect on obstructive sleep apnea (OSA) is uncertain.
Methods: This study used data from the National Health and Nutrition Examination Survey (NHANES). DASH score was assessed through 24-h dietary recall interviews, and OSA diagnosis in individuals was based on predefined criteria. Logistic regression analysis was used to assess the association between DASH and OSA. Restricted cubic spline (RCS) analysis was used to investigate the dose–response relationship between DASH score and OSA risk. And comprehensive subgroup and mediation analyses were performed.
Results: Among the 14,978 participants, 27.01% had OSA. DASH scores had a negative association with the risk of OSA (OR = 0.91, 95%CI: 0.88–0.95, p < 0.01). Next, we divided DASH scores into quintiles groups. In comparison to the reference group Q1, groups Q5 had adjusted OR values of 0.63 (95%CI: 0.52–0.76, p < 0.01). Subgroup analyses revealed that this association was consistent across different groups. Further mediation analyses showed that the associations of DASH with OSA risk parallelly mediated by the above Body Mass Index (BMI) 33.4%,95%CI (20.6–46.2%) (all p < 0.05). The restricted cubic spline (RCS) analysis indicated a significant dose–response relationship between DASH diet and OSA risk.
Conclusion: These findings suggested that DASH decreased OSA risk, which was possibly and partly mediated by BMI.

Keywords
 OSA (obstructive sleep apnea); DASH (dietary approaches to stop hypertension); NHANES (National Health and Nutrition Examination Survey); BMI - Body Mass Index; mediation


Introduction

Obstructive sleep apnea (OSA) is a medical condition marked by repeated episodes of reduced or paused breathing during sleep, resulting in intermittent low oxygen levels, elevated carbon dioxide, and disturbed sleep (1). Common symptoms include snoring, breathing pauses, and reduced alertness during the day (2). Approximately 1 billion people globally are affected by OSA (3). OSA is recognized as an independent risk factor for hypertension, coronary artery disease, and stroke, and it has a strong link with insulin resistance and diabetes (4, 5). Obesity is the leading risk factor for OSA, while genetic predisposition, anatomical variations in the upper airway, and lifestyle choices like smoking and heavy alcohol use also contribute (6). A balanced diet can mitigate OSA symptoms by supporting weight management and providing benefits such as improved metabolism and reduced inflammation (7).

The DASH diet (Dietary Approaches to Stop Hypertension) focuses on a nutrient-dense approach, including abundant vegetables, fruits, whole grains, and low-fat dairy, while minimizing sodium, saturated fats, and cholesterol. It promotes higher intake of potassium, calcium, and magnesium-rich foods. Research indicates that a healthy diet can improve overall well-being by managing weight and metabolic health, and may also help prevent and manage OSA (8, 9). The DASH diet is recognized for its effectiveness in lowering blood pressure, improving cholesterol levels, and reducing chronic inflammation, making it a potential strategy for targeting OSA’s underlying causes. Specifically, its ability to lower blood pressure is key to reducing cardiovascular risks in individuals with OSA.

Hypertension and OSA are closely linked, with hypertension frequently occurring alongside OSA and potentially worsening its symptoms through mechanisms like vascular dysfunction and inflammation (10). The DASH diet, rich in antioxidants and fiber, has been proven to reduce oxidative stress and systemic inflammation, both of which play key roles in the development of OSA (11). Moran et al. found that the DASH diet helps reduce upper airway fat accumulation and decreases airway resistance through weight loss (12). Although the impact of diet on weight management, blood pressure control, and metabolic health is well-established, studies specifically examining its influence on OSA risk are limited. The DASH diet, known for its efficacy in reducing hypertension, is uniquely characterized by its emphasis on key nutrients such as potassium, calcium, magnesium, and low sodium. Recent evidence suggests that this dietary pattern also possesses anti-inflammatory properties and improves metabolic profiles (13).

This study aims to systematically assess how the DASH diet impacts OSA risk, considering BMI as a potential mediator, using the NHANES database, which provides a nationally representative sample of U.S. adults. The large sample size and diverse population enhance the generalizability of our findings, addressing a critical gap in understanding non-pharmacological strategies for OSA management.



Methods


Study design and participants

The NHANES is an ongoing survey conducted by the National Center for Health Statistics (NCHS), under the Centers for Disease Control and Prevention (CDC), aimed at assessing the health and nutritional status of the U.S. population. It collects data on demographics, physical examinations, laboratory tests, and dietary habits. Detailed information on survey design, data collection methods, and access to data files is available at http://www.cdc.gov/nchs/nhanes.html. Participants in NHANES provided written informed consent, with study protocols approved by the NCHS Research Ethics Review Board (14).

The initial sample for this study included 25,161 participants aged 20 years and older, who had completed the sleep questionnaire during the 2005–2008 and 2015–2018 cycles. After excluding participants with missing data for dietary information (n = 2,746), BMI (n = 278), cotinine and systemic immune inflammation index (n = 1,080), waist circumference (n = 480), family income-to-poverty ratio (n = 1,780), albumin levels (n = 241), estimated Glomerular Filtration Rate (n = 1), smoking status (n = 1,849), alcohol consumption (n = 1,413), laboratory examination results (n = 382), hypertension status (n = 1), and education level (n = 4), the final analysis included 14,978 participants (Figure 1).

[image: Flowchart illustrating participant selection from NHANES survey for OSA data analysis. Of 25,161 participants, exclusions for missing dietary and BMI data reduced the sample to 22,137. Further exclusions for missing demography, laboratory, and questionnaire data resulted in a final analysis group of 14,987. Abbreviations: OSA, Obstructive Sleep Apnea; BMI, Body Mass Index.]

FIGURE 1
 Flow chart of the study population.




Dietary information

Two 24-h dietary recall interviews were conducted to gather data on participants’ dietary intake. The first recall interview took place face-to-face, while the second was conducted via phone between 3 and 10 days after the initial session. The U.S. Department of Agriculture’s Food and Nutrient Database for Dietary Studies (FNDDS) was used to determine the energy and nutrient content of the reported food items (15). Average nutrient intake values were derived from the two recall interviews. The primary aim of these interviews was to collect comprehensive dietary intake data from participants. The collected data provided estimates of the types and amounts of foods and drinks (including all kinds of water) consumed during the 24-h period preceding the interview, and enabled the calculation of the energy, nutrients, and other food components contained in these items.

The DASH diet score for each participant was calculated based on their intake levels of foods and nutrients that are either emphasized or restricted by the DASH diet. This score focuses on nine specific nutrients: saturated fat, total fat, protein, cholesterol, fiber, magnesium, calcium, potassium, and sodium (16). Participants earned 1 point for meeting the set goal for a nutrient, 0.5 points for achieving an intermediate goal, and the score could reach a maximum of 9 points (17). Higher intakes of protein, fiber, magnesium, calcium, and potassium increased the score, while lower intakes of saturated fat, total fat, cholesterol, and sodium also contributed positively to the score. The scoring methodology is summarized in Supplementary Table S1.



Definition of OSA

OSA symptoms were identified based on answers to three binary questions (18): (1) How often do you snore?; (2) How often do you experience snoring with pauses in breathing?; and (3) How often do you feel overly sleepy during the day? Participants who indicated snoring 3 or more times per week, snoring with breathing pauses 3 or more times per week, and feeling excessively sleepy during the daytime 16–30 times per month were categorized as having OSA symptoms.



Covariates

Based on their relevance to dietary patterns, OSA, and obesity indicators, the following factors were considered as confounders: age, gender, education level, race, smoking status, alcohol consumption, advanced lung cancer inflammation index (ALI), Family Income-to-Poverty Ratio (PIR), white blood cell count, estimated Glomerular Filtration Rate (eGFR), Body Mass Index (BMI), history of diseases (diabetes, hypertension, and hyperlipidemia) and year (2005–2008, 2015–2018). Education level was categorized as either below college or college and above, while race was classified into non-Hispanic White, non-Hispanic Black, Mexican American, or other races. ALI was calculated using BMI, albumin levels, and the neutrophil-to-lymphocyte ratio (NLR) with the formula: BMI (kg/m2) × albumin (g/dL) / NLR, where NLR is the ratio of neutrophils to lymphocytes (19). The PIR represents the ratio of family income to the poverty threshold. Data on white blood cell counts were extracted from the NHANES database. The eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation (20). BMI was computed as weight (kg) divided by height squared (m2). Diabetes was defined according to American Diabetes Association (ADA) criteria and self-reported questionnaires. Participants were considered diabetic if they met any of the following: (1) fasting blood glucose (FBS) ≥7 mmol/L, (2) hemoglobin A1c ≥6.5%, (3) 2-h blood glucose ≥11.1 mmol/L during an oral glucose tolerance test, or (4) a self-reported diagnosis of diabetes and current use of insulin or other glucose-lowering medications (21). Hypertension was defined as having an average systolic blood pressure (SBP) ≥140 mmHg, an average diastolic blood pressure (DBP) ≥90 mmHg, or a self-reported diagnosis of hypertension (22). Hyperlipidemia was defined by total cholesterol ≥200 mg/dL, LDL cholesterol ≥130 mg/dL, HDL <40 mg/dL for men or < 50 mg/dL for women, triglycerides ≥150 mg/dL, or current use of lipid-lowering medications (23).



Statistical analysis

Continuous variables were presented as means with standard deviations, while categorical variables were shown as frequencies and percentages. A t-test was used for comparisons of continuous variables, and chi-square tests were utilized for categorical variables. During descriptive analysis, continuous variables were reported as means with standard errors (SE), and categorical variables were displayed as weighted percentages (%). To assess the relationship between DASH scores and OSA, univariate and multivariate logistic regression models were used. Odds ratios (OR) were calculated to determine the strength of the association between DASH scores and OSA symptoms, with 95% confidence intervals (CI) provided for each estimate. The crude model did not include any adjustments for confounding factors. Model 1 adjusted for age, sex, education level, and race, while Model 2 included further adjustments for smoking status, alcohol consumption, ALI, PIR, WBC, BMI, eGFR, year cycle and comorbidities like diabetes, hypertension, and hyperlipidemia, based on Model 1 adjustments. To evaluate if a non-linear relationship between diet scores and OSA risk was present, restricted cubic spline (RCS) curves were used. If non-linearity was detected, a two-piece linear regression model was applied to determine the threshold effects of the diet score (24). To explore the potential mediator (BMI) between DASH score and OSA, a mediator analysis was conducted. This involved estimating the overall effect of DASH score on OSA (α), the effect of DASH score on BMI (β1), and the effect of the BMI on OSA (β2). The direct impact of DASH score on OSA was calculated as α - β1*β2 (25). Subgroup analysis aimed to assess potential effect modifications in the association between DASH scores and OSA, using stratification by age (<60 and ≥ 60), sex, BMI (<30 and ≥ 30), diabetes, hypertension, hyperlipidemia and year cycle. Stratified logistic regression models were used, and likelihood ratio tests assessed differences and interactions across subgroups. Adjustments for each subgroup followed Model 2.

The analyses were performed using R software version 4.2.1 (http://www.R-project.org, R Foundation). Statistical significance was defined as a two-sided p-value <0.05.




Results


Baseline characteristics

The baseline characteristics of the participants revealed significant differences between the OSA and non-OSA groups. Participants with OSA were older and had a higher prevalence of males (54.93%). Clinically, the OSA group exhibited higher BMI, elevated WBC counts, and lower eGFR. Lifestyle factors such as smoking and alcohol use were more prevalent in the OSA group, with higher rates of current smoking (24.10%) and heavy drinking (23.72%). Comorbidities, including hypertension, hyperlipidemia, and diabetes mellitus, were also significantly more common in the OSA group. Temporal trends indicated a higher proportion of OSA cases in the 2015–2018 cycle compared to 2005–2008. Dietary patterns showed that the OSA group had a lower mean DASH score and a higher proportion of individuals in the lowest DASH quintile (all p<0.05) (Table 1).



TABLE 1 Descriptive baseline characteristics of participants.
[image: Table comparing demographic, clinical, and biochemical variables between participants with and without obstructive sleep apnea among a total of fourteen thousand nine hundred seventy-eight subjects, including statistical values and p values for each category.]

Analysis of dietary data revealed that individuals with OSA often exhibited dietary patterns with higher energy intake, including increased consumption of fats, proteins, cholesterol, and sodium, alongside reduced intake of dietary fiber. These differences were statistically significant (p < 0.05) (Supplementary Table S2).



Association between DASH scores and OSA

Table 2 presents the adjusted correlations between DASH scores and OSA. The results indicate a significant association between the DASH score and the incidence of OSA (Crude model: OR = 0.91, 95% CI: 0.88–0.95, p < 0.001; Model 1: OR = 0.92, 95% CI: 0.88–0.95, p < 0.001; Model 2: OR = 0.95, 95% CI: 0.92–0.99, p = 0.02). When DASH scores were divided into quintiles, participants in the highest quintile (Q5) showed a significantly lower risk of OSA compared to those in the lowest quintile (Q1, reference group). The odds ratios (ORs) for Q5 were: Crude model (OR = 0.63, 95% CI: 0.52–0.76, p < 0.001), Model 1 (OR = 0.64, 95% CI: 0.53–0.78, p < 0.001), and Model 2 (OR = 0.76, 95% CI: 0.62–0.94, p = 0.01) (Table 2).



TABLE 2 Multivariate logistic regression analyses for OSA and DASH score.
[image: Data table comparing the association of DASH score and its quintiles with an outcome across crude, Model 1, and Model 2. For overall DASH score, all models show statistically significant inverse associations, strongest in crude and weakest in Model 2. For quintiles, Q5 shows a significantly lower risk compared to Q1 in all models, but estimates become attenuated after adjustments, with Model 2 showing 0.76 confidence interval 0.62 to 0.94, p equals 0.01. P for trend remains significant across all models. Model adjustments are detailed in the footnote. ]

The restricted cubic spline analyses with multivariable adjustments revealed an inverse L-shaped relationship between the DASH score and OSA incidence. To provide a more detailed analysis of the relationship between DASH adherence and OSA risk, we conducted restricted cubic spline (RCS) analyses using both the crude model and Model 1. The crude model, which adjusts only for DASH adherence, showed an inverse L-shaped relationship (Supplementary Figure S1). When adjusted for gender, age, education level, and race in Model 1, the trend remained consistent but showed slightly adjusted effect estimates (Supplementary Figure S2). As for Model 2, the inflection point of the curve occurred at a DASH score of 1.809. A two-piece linear regression analysis showed that on the right side of the threshold, the odds ratio (OR) was 0.90 (95% CI: 0.86–0.96, p < 0.001), meaning that each 1-point increase in the DASH score was associated with a 10% reduction in OSA risk. In contrast, on the left side of the threshold, the OR was 1.04 (95% CI: 0.86–1.22, p = 0.63), indicating no statistically significant relationship between the DASH score and OSA incidence (Figure 2).
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FIGURE 2
 The restricted cubic spline (RCS) curve between DASH score and OSA incidence based on Model 2.




Subgroup analysis

Subgroup analysis revealed that adherence to the DASH diet was linked to a lower risk of OSA in individuals under 60 years old (OR: 0.952, 95% CI: 0.907–0.998, p = 0.043), females (OR: 0.936, 95% CI: 0.880–0.995, p = 0.035), time span from 2015 to 2018 (OR: 0.936, 95%CI: 0.880–0.996, p = 0.04), those with hyperlipidemia (OR: 0.941, 95% CI: 0.894–0.990, p = 0.021), and individuals without hypertension (OR: 0.933, 95%CI: 0.884–0.983, p = 0.011) or without diabetes (OR: 0.942, 95% CI: 0.898–0.987, p = 0.014). Adherence to the DASH diet was also significantly associated with a reduced OSA risk, irrespective of BMI status: both in individuals with BMI ≥30 (OR: 0.939, 95% CI: 0.899–0.982, p = 0.007) and those with BMI <30 (OR: 0.867, 95% CI: 0.791–0.951, p = 0.003). Moreover, no significant differences were found between the subgroups (p > 0.05), indicating that the results of the subgroup analysis are consistent and reliable (Figure 3).

[image: Forest plot displaying odds ratios with ninety-five percent confidence intervals for various health and demographic subgroups, including age, sex, BMI, diabetes status, hyperlipidemia, hypertension, and year, with associated p-values and interaction statistics.]

FIGURE 3
 Subgroup analyses assessing the effect of DASH score on OSA incidence.




Mediation analyses

A mediation analysis was performed to assess the role of BMI in the association between DASH scores and OSA risk. The analysis revealed that BMI significantly mediated this relationship, accounting for an indirect effect of 33.4% (95% CI: 20.6 to 46.2%, p < 0.05) (Figure 4).

[image: Flowchart illustrating the mediation effect of BMI between DASH and OSA. DASH affects BMI with an indirect effect β1 equals negative zero point thirty-nine, BMI affects OSA with an indirect effect β2 equals zero point zero six, and 33 percent of the effect is mediated according to the provided confidence intervals.]

FIGURE 4
 The mediating effect analysis of DASH Score and OSA.





Discussion

This study revealed a significant inverse association between adherence to the DASH diet and OSA risk. Leveraging the NHANES database, which encompasses a large and representative sample of the U.S. adult population, our findings offer robust evidence supporting the role of dietary interventions in managing OSA risk. The inclusion of a diverse demographic enhances the clinical relevance and applicability of our results to public health strategies.

The DASH diet was originally designed to prevent and manage hypertension. It emphasizes increased intake of vegetables, fruits, whole grains, and low-fat dairy, while limiting sodium, saturated fats, and added sugars. This diet has been shown to effectively reduce blood pressure and improve cardiovascular health. Excessive sodium intake can cause water and sodium retention, increasing blood volume and exerting more pressure on blood vessel walls, which contributes to hypertension. Studies suggest that reducing sodium intake can significantly decrease blood pressure, particularly in those with existing hypertension (26). Additionally, nutrients such as potassium, calcium, and magnesium are crucial for regulating blood pressure. Potassium lowers blood pressure by aiding in sodium excretion and reducing blood vessel constriction (27). Calcium and magnesium contribute to blood pressure stability by promoting the relaxation of vascular smooth muscles and preventing blood vessel constriction (28). Beyond its cardiovascular and metabolic benefits, the DASH diet also supports improved endothelial function and insulin sensitivity (29, 30). Liu et al. (31) further discovered that the DASH diet, when combined with the Mediterranean diet, effectively reduces the risk of Alzheimer’s disease. This finding suggests that the DASH diet may play a role in the prevention of neurodegenerative diseases (31).

The link between metabolic syndrome and OSA is complex. Metabolic syndrome is characterized by conditions like diabetes, hypertension, dyslipidemia, and central obesity (32). These metabolic disturbances contribute to the development and progression of OSA through multiple mechanisms. Obesity, a major risk factor for OSA, leads to excess fat accumulation, especially in the abdominal and neck regions. This buildup around the upper airway increases the risk of airway collapse (33). This mechanical effect aggravates airway obstruction, leading to breathing difficulties and intermittent hypoxia, which in turn worsens insulin resistance and inflammation, forming a self-perpetuating cycle (34).

In addition to mechanical factors, metabolic syndrome accelerates the progression of OSA through systemic inflammation and oxidative stress. Studies indicate that metabolic imbalances can trigger a prolonged inflammatory response, impairing endothelial function, disrupting blood flow and microcirculation, and decreasing oxygen delivery (35). When oxidative stress is combined with chronic inflammation, it further diminishes upper airway function, worsening the severity of OSA (36). These pathways highlight the significant role of metabolic syndrome in OSA, indicating that managing factors like obesity and insulin resistance is crucial for alleviating OSA symptoms.

BMI serves as a crucial mediator in the relationship between metabolic syndrome and OSA, as higher BMI is strongly linked to increased OSA prevalence. Elevated BMI is associated with various components of metabolic syndrome, including hyperglycemia, hypertension, and dyslipidemia, all of which can exacerbate OSA symptoms (37). Therefore, BMI is not just a result of metabolic disturbances but also a critical factor in the development of OSA (38). BMI plays a significant mediating role in the relationship between DASH diet adherence and OSA risk, likely through multiple physiological pathways. One key mechanism is the reduction of fat accumulation, particularly in the upper airway, which decreases the likelihood of airway obstruction during sleep (39). Furthermore, lower BMI is associated with improved airway resistance, contributing to enhanced airflow and reduced apnea episodes (40). These findings underscore the importance of weight management as a crucial strategy for mitigating OSA risk. The weight gain and heightened metabolic burden due to obesity create a bidirectional feedback loop, where in OSA and metabolic syndrome mutually exacerbate, driving the progression of both conditions.

This study demonstrates that the DASH diet lowers OSA risk by improving metabolic syndrome, with a notably strong protective effect in individuals with hyperlipidemia and those without diabetes. It is proposed that components of the DASH diet may reduce OSA risk by influencing BMI. Our findings support this hypothesis, revealing that the DASH diet significantly reduces OSA risk through BMI reduction. Mediation analysis confirmed that BMI plays a significant mediating role between the DASH diet and OSA risk, highlighting its indirect protective effect. Subgroup analysis further revealed that higher DASH diet scores were associated with reduced OSA risk in both obese and non-obese groups, with no significant differences between them, underscoring the broad applicability and consistency of this protective effect.

Previous research suggests that the dietary fiber in the DASH diet can lower blood glucose levels and enhance insulin sensitivity, thereby reducing the risk of diabetes (41, 42). The DASH diet’s emphasis on limiting saturated fats and cholesterol, while favoring unsaturated fats, leads to improved lipid profiles (43). Moreover, the diet’s inclusion of antioxidant-rich fruits and vegetables is vital for minimizing oxidative stress and stabilizing blood glucose levels (44, 45). The RCS curve results suggest that adherence to the DASH diet begins to significantly reduce OSA risk when the DASH score exceeds 1.809. This highlights the clinical importance of achieving a DASH score of at least 2, as it marks the point where noticeable protective effects against OSA emerge. Targeted dietary strategies should focus on promoting adherence that reaches or exceeds this level to maximize health benefits. The results of the subgroup analyses for the two NHANES cycles (2005–2008 and 2015–2018) showed consistent associations between DASH adherence and OSA risk across both periods. The interaction p-value (0.469) indicated no statistically significant differences between the 2 cycles. These findings suggest that the relationship between DASH adherence and OSA risk is stable over time and is unlikely to be substantially influenced by temporal changes in dietary habits, OSA prevalence, or health status. Thus, to effectively lower blood lipids and glucose, reduce metabolic burden, improve BMI, and manage metabolic conditions through the DASH diet, strict adherence to its principles is crucial. Such comprehensive adherence is essential for realizing significant health benefits and enhancing overall well-being.

In conclusion, the DASH diet exerts a protective effect against OSA through multiple mechanisms, with BMI serving as a central mediator. This study’s findings offer further evidence supporting these mechanisms, emphasizing the DASH diet as an effective strategy for both preventing and managing OSA. Although previous research has primarily concentrated on the role of healthy diets in managing OSA-related conditions such as hypertension, cardiovascular disease, and diabetes (46), direct studies on the impact of diet on OSA risk are limited and often involve small sample sizes without support from large-scale data (47). Additionally, the dose–response relationship between diet and OSA risk is not yet fully understood, indicating a need for more research to refine the precision and efficacy of dietary interventions in clinical practice (48).


Limitations

The cross-sectional design of this study limits its ability to assess the long-term effects of the DASH diet on OSA or to perform survival analysis, thus restricting its capacity to determine causal relationships. Dietary data were collected through a 24-h recall method, which may not accurately capture participants’ usual dietary habits over time. The assessment of 24-h dietary intake may not accurately capture an individual’s lifetime dietary patterns, raising questions about whether the reported intake truly represents their typical daily diet. Future studies, particularly longitudinal designs, are needed to better evaluate long-term adherence to dietary patterns and their impact on health outcomes. The DASH diet score used in this study reflects the dietary intake reported by participants over a 24-h period. While this scoring system provides valuable insights into dietary patterns, it does not directly measure participants’ long-term adherence or intent to follow the DASH diet. The assessment of 24-h dietary intake may not accurately capture an individual’s habitual diet or lifetime dietary patterns, which is a limitation of the study design. We have acknowledged in the revised manuscript that this study focuses specifically on the association between the DASH diet and OSA, while not accounting for other dietary patterns and their potential impact on OSA. This may limit our ability to fully reflect the dietary behaviors of the target population. Similarly, our study provides valuable initial insights but could benefit from comparisons with other dietary patterns in future research. Nonetheless, dietary intake assessments in NHANES have undergone thorough validation against dietary records and biomarker data (49). Additionally, the OSA diagnosis in this study relied primarily on self-reported questionnaires rather than objective assessments like polysomnography, potentially introducing bias, as symptom reporting may be influenced by participants’ subjective perceptions.




Conclusion

This study explored the relationship between the DASH diet and the risk of OSA, revealing that individuals who adhered to DASH dietary recommendations had a lower risk of OSA. The significant role of BMI as a mediator and the identified dose–response relationship between the DASH diet and OSA offer practical implications for non-pharmacological intervention strategies. Further studies are needed to confirm the direct impact of the DASH diet on OSA management, which could provide the scientific foundation for dietary intervention guidelines and support the expanded clinical use of the DASH diet.
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Objective: This study investigated the effects of triglyceride glucose index (TyG) and vitamin D levels on all-cause and cardiovascular mortality in diabetic patients and assessed the potential mediating role of vitamin D in the relationship between TyG and mortality.
Methods: The study was based on data from the National Health and Nutrition Examination Survey (NHANES) database from 2001 to 2018, which included 6,318 patients with diabetes. Multivariable Cox proportional risk regression models were employed to assess the association between TyG and vitamin D levels and the risk of death in diabetic patients. The interaction between TyG and vitamin D and its effect on mortality was explored through restricted cubic spline analysis and causal mediation analysis.
Results: The results demonstrated that the TyG index was positively associated with all-cause and cardiovascular mortality in diabetic patients, whereas vitamin D levels were negatively associated with mortality, exhibiting an overall U-shaped association. The results indicated that vitamin D partially mediated the association between TyG and all-cause mortality. Further analysis revealed a significant mediation between vitamin D and TyG, whereby alterations in vitamin D levels influenced the impact of TyG on mortality. Subgroup analyses demonstrated that the correlation between TyG and mortality was more pronounced in diabetic patients with vitamin D insufficiency.
Conclusion: The study demonstrates the mediating influence of vitamin D on the relationship between TyG and mortality in diabetic patients. This finding underscores the necessity of evaluating the influence of vitamin D on survival outcomes in individuals with disparate levels of the TyG index.
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1 Introduction

Diabetes mellitus (DM) is a global metabolic disease characterized by elevated blood glucose levels. These levels are primarily the result of insufficient insulin secretion or a weakened cellular response to insulin (1). DM not only affects an individual’s glucose metabolism but is often accompanied by cardiovascular disease risk factors such as dyslipidemia and hypertension. These factors significantly increase the risk of cardiovascular disease and death in patients with diabetes (2). In recent years, the triglyceride glucose index (TyG), a novel clinical surrogate for insulin resistance, has garnered considerable attention in assessing diabetes risk and prognosis. This is mainly due to its simplicity, accessibility, and reproducibility (3). The TyG index effectively reflects the state of insulin resistance by combining fasting plasma glucose (FPG) and triglyceride (TG) levels. Moreover, it has been confirmed to be closely associated with the risk of developing DM and its cardiovascular complications in numerous studies (4–6).

Vitamin D, a fat-soluble vitamin, plays a role in calcium and phosphorus metabolism within the human body, thereby influencing bone health. Additionally, it affects glucose-lipid metabolism and immune function through various mechanisms (7). The primary form of vitamin D in the human body is 25-hydroxyvitamin D (25 (OH)D). The serum 25 (OH) D level can be utilized as an indicator for evaluating the deficiency, insufficiency, or sufficiency of vitamin D (8). In recent years, an increasing number of studies have demonstrated significant associations between vitamin D levels and glycemic control, dyslipidemia, cardiovascular disease risk, and mortality in diabetic patients (9, 10). In particular, vitamin D deficiency or insufficiency may increase insulin resistance, elevating the risk of diabetes and its associated complications (11, 12). Moreover, vitamin D may influence triglyceride levels by modulating the expression of genes involved in lipid metabolism, thereby indirectly impacting the TyG index (13). Some studies have demonstrated a negative correlation between vitamin D levels and the TyG index, indicating that vitamin D may enhance the prognosis of diabetic patients by influencing insulin resistance and glucolipid metabolism (14). Vitamin D supplementation may improve glycemic control and reduce the risk of diabetes-related complications in diabetic patients (11). Consequently, vitamin D levels may be a mediator in influencing the relationship between the TyG index and mortality in diabetic patients.

While studies have been conducted to investigate the relationship between vitamin D, the TyG index, and the prognosis of diabetic patients separately (15, 16), studies on whether vitamin D levels mediate the relationship between the TyG index and mortality in diabetic patients are scarce. In particular, the predictive value of the TyG index for the risk of mortality in diabetic patients under different vitamin D status and the underlying mechanisms remain to be further elucidated. This knowledge gap limits our comprehensive understanding of the prognostic assessment of diabetic patients and hampers the development of intervention strategies for at-risk populations.

In light of the existing literature and theoretical background, the present study proposes the following hypothesis: vitamin D levels may mediate the relationship between the TyG index and mortality in diabetic patients, with this effect varying across vitamin D levels. To test this hypothesis, this study will investigate the mediating role of vitamin D levels in the relationship between TyG index and mortality in diabetic patients by analyzing data from the National Health and Nutrition Examination Survey (NHANES) database. Furthermore, the predictive value of the TyG index for mortality risk under different vitamin D statuses will be analyzed. This study aims to provide a new perspective on the prognostic assessment of diabetic patients and provide a scientific basis for developing targeted interventions.



2 Materials and methods


2.1 Study population

The data utilized in this study were obtained from the NHANES database, spanning 2001 to 2018. This database contains the results of cross-sectional surveys conducted every 2 years by the Centers for Disease Control and Prevention (CDC). At the study’s outset, an extensive sample population was drawn from nine consecutive survey cycles, comprising 91,351 participants. DM was operationalized in this study according to the following criteria: (1) a definitive diagnosis by a healthcare professional, (2) an FPG level of 126 mg/dL or higher, (3) a glycosylated hemoglobin (HbA1c) level of 6.5% or greater, and (4) the individual’s current use of diabetic medication or insulin therapy. To ensure the accuracy and relevance of the findings, we excluded ineligible participants, including those under the age of 20, non-diabetic individuals, and those with missing data (specifically missing data on relevant indicators for calculating TyG, vitamin D, survival follow-up, demographic characteristics, chronic disease status, and some biochemical data), as well as pregnant participants. Following applying the above screening criteria, 6,318 participants were identified as eligible for inclusion in the analysis (Figure 1).

[image: Flowchart illustrating participant selection from NHANES 2001 to 2018, starting with 91,351 individuals, detailing exclusions at each stage for age, diabetes, missing data, and pregnancy, resulting in 6,318 final included participants.]

FIGURE 1
 Participant screening flowchart.




2.2 Ethics and STROBE statement

The research protocol of the NHANES project adhered strictly to the guidelines set forth by the Ethics Review Committee of the National Center for Health Statistics (NCHS), and all participants were required to sign an informed consent form. During data analysis, the NIH policy regulations were adhered to. Considering the anonymity and non-direct contact nature of the data, it was utilized directly in the study without requiring additional ethical review. To ensure the highest study design and reporting quality, the study was conducted according to the standards outlined in the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement.



2.3 Assessment of the TyG index

After a minimum 8.5-h fast, TG and FPG were measured using automated biochemical analyzers to ensure accurate data. FPG and TG concentrations were measured by standardized procedures. The following scientifically validated formula was employed to calculate the TyG index (3):

[image: Mathematical formula for TyG index: TyG equals the natural logarithm of triglycerides in milligrams per deciliter multiplied by fasting plasma glucose in milligrams per deciliter, divided by two.]



2.4 Vitamin D assessment

Serum 25(OH)D concentrations from NHANES 2001–2006 were measured using a Dia-Sorin radioimmunoassay kit (Stillwater, MN, United States), and serum 25(OH)D concentrations from NHANES 2007–2018 were calculated using standardized liquid chromatography–tandem mass spectrometry (LC–MS/MS). The serum 25(OH)D data from NHANES 2001–2006 have been converted by regression to equivalent 25(OH)D measurements in standardized LC–MS/MS. The conversion formulae are set forth in Supplementary material. In this study, the variable used for assessing participants’ vitamin D status was total 25OHD (sum of 25OHD2 and 25OHD3). By the Endocrine Society Clinical Practice Guidelines, the participants were categorized into two groups according to their serum 25(OH)D concentration: an insufficient group (< 75.0 nmol/L) and an sufficient group (≥75.0 nmol/L) (17).



2.5 Mortality assessment

The principal findings of this study pertain to all-cause mortality and cardiovascular mortality in patients with DM. All-cause mortality was defined as deaths from heart disease, malignant neoplasms, and all other causes. Disease-specific mortality was determined based on the International Statistical Classification of Diseases, 10th edition (ICD-10). Cardiovascular mortality was defined as deaths due to heart disease (ICD-10 codes 100–109, 111, 113, 120–151) and cerebrovascular disease (ICD-10 codes 160–169). The mortality data for the follow-up population were obtained from the NHANES Public Use-Related Mortality File (as of December 31, 2019). This file is correlated to the NCHS and the National Death Index (NDI) through a probabilistic matching algorithm (18). The follow-up period was calculated from the initial interview to the date of the patient’s death or December 31, 2019.



2.6 Assessment of covariates

In examining the correlation between TyG and vitamin D levels with all-cause and cardiovascular mortality in patients with DM, we developed multivariable-adjusted models to mitigate the influence of confounding variables on this relationship. The covariates included in this study were gender, age, race, education, marital status, family economic status, alcohol intake, smoking behavior, physical activity level, and history of several important chronic diseases, including hypertension, coronary heart disease, and stroke. For racial categorization, participants were subdivided into the following groups: Mexican American, Non-Hispanic White, Non-Hispanic Black, and Other Race. The sample was divided into three categories based on the years of education completed: less than 9th grade, 9th through 12th grade, and more than 12th grade. Marital status was dichotomized into cohabitation and solitude to ascertain the influence of family structure factors. To categorize family economic status, income was carefully divided into three intervals based on the Poverty-to-Income Ratio (PIR) criterion, as officially defined by the U.S. government. The intervals were designated as low (PIR ≤ 1.3), medium (PIR > 1.3 to ≤3.5), and high (PIR > 3.5). For this study, smoking and drinking habits were assessed using standardized methods. Smoking status was defined by the number of cigarettes smoked by the participant, with a minimum of 100 cigarettes throughout their lifetime, and current smoking status. Alcohol consumption was assessed by asking the participant whether they had consumed at least 12 alcoholic beverages of any type in the past year. Physical activity was classified into three categories: vigorous, moderate, and inactive. A comprehensive medical history was obtained for each participant, encompassing hypertension, coronary heart disease, and stroke. For hypertension, the medical history included whether the participant had ever been diagnosed with high blood pressure or was currently taking medication for high blood pressure. Similarly, for coronary heart disease and stroke, the medical history included whether the participant had ever been diagnosed with these conditions by a medical professional.



2.7 Statistical analysis

In the case of continuous variables, the Kolmogorov–Smirnov test was employed to verify the normality of the data. The mean ± standard deviation or median (25th and 75th percentile) were selected by the test results to characterize the variables in question. The data were presented in the form of frequencies and percentages for categorical variables.

To investigate the relationship between TyG and vitamin D levels with all-cause and cardiovascular mortality in patients with DM, multivariable Cox proportional hazard regression models were constructed to assess the impact of TyG and vitamin D levels and their quartiles on the risk of death in patients with DM, as indicated by the estimation of hazard ratios (HRs) and their 95% confidence intervals (CIs). Furthermore, additional comparisons were conducted between the sufficient and insufficient vitamin D groups. To ensure the accuracy of our assessment, we developed three multivariable adjustment models to control for potential confounding factors. Model 1 served as the baseline and did not incorporate any adjustments. Model 2 incorporated age, gender, and race. Model 3 further introduced education, marital status, family PIR, smoking status, drinking habit, physical activity level, and chronic diseases such as hypertension, coronary heart disease, and stroke.

A restricted cubic spline (RCS) model was employed to elucidate a potential nonlinear dose–response relationship between TyG levels and vitamin D status concerning mortality in patients with DM. In this model, TyG and vitamin D levels were treated as continuous variables, and the 5th, 35th, 65th, and 95th percentiles were selected as critical points for analysis based on their distributional properties. In the event of nonlinear associations, likelihood ratio tests were employed to ascertain the essential effects between TyG and vitamin D levels and mortality in patients with DM. We employed causal mediation analysis (CMA) to evaluate the mediating role of vitamin D in the relationship between TyG and mortality in individuals with diabetes. This approach enabled us to calculate both direct effects (the direct effect of TyG on mortality in individuals with DM after controlling for the mediating variable, vitamin D) and indirect effects (the impact of TyG on mortality in individuals with DM through vitamin D). Interaction-restricted cubic spline plots were constructed to illustrate potential interactions between TyG and vitamin D levels and mortality in patients with DM. Furthermore, subgroup analyses were conducted to stratify participants based on vitamin D levels and to explore the heterogeneity of the patterns of association between TyG and DM mortality risk in vitamin D insufficient and vitamin D sufficient subgroups.

All data analysis was conducted with the assistance of R 4.4.0 software (provided by the R Foundation at http://www.R-project.org) and SPSS version 23.0 (IBM Corporation, Armonk, New York, USA). Graphic presentations were generated using GraphPad Prism version 9.0 (GraphPad Software, United States).




3 Results


3.1 Baseline characteristics of patients with DM

A total of 6,318 diabetic patients were included in this study, of whom 4,775 were identified as survivors and 1,543 were identified as non-survivors. The non-survivor group exhibited a higher proportion of males (58.59%) than the survivor group (51.12%), and the mean age was higher as well (71.00 vs. 60.00 years). The racial distribution revealed a higher proportion of Non-Hispanic White individuals among non-survivors (54.05%) than among survivors (33.63%). Compared to survivors, non-survivors exhibited a lower educational level, a higher proportion of individuals living alone, a lower family income, and a lower prevalence of physical activity. The prevalence of smoking was significantly higher among non-survivors (61.50% vs. 48.08%). Additionally, the prevalence of hypertension, coronary heart disease, and stroke was higher in non-survivors. The mean body mass index (BMI), total cholesterol (TC), and vitamin D levels were lower in non-survivors. In contrast, the mean blood creatinine and uric acid levels were higher in non-survivors (Table 1).



TABLE 1 Baseline characteristics of participants with diabetes mellitus.
[image: Table comparing baseline characteristics of 6,318 participants divided into survivors and non-survivors, listing variables including gender, age, race, education, marital status, family income, smoking, alcohol, physical activity, medical history, and multiple lab values, with percentages and medians noted for each group.]



3.2 Relationship between TyG and mortality in diabetic patients

The association between the TyG index and all-cause and cardiovascular mortality was evaluated using three distinct models. In the unadjusted model (Model 1), there was no significant association between TyG and all-cause mortality (HR = 0.99, 95% CI: 0.93, 1.05). After adjustment for gender, age, and race (Model 2), the association of TyG with all-cause mortality was strengthened (HR = 1.16, 95% CI: 1.08, 1.24). After further adjustment for education level, marital status, family PIR, smoking, alcohol consumption, physical activity, hypertension, coronary heart disease, and stroke (Model 3), the association of TyG with all-cause mortality was slightly attenuated (HR = 1.11, 95% CI: 1.04, 1.19). Regarding cardiovascular mortality, a correlation was observed between TyG and cardiovascular mortality in model 2 (HR = 1.15, 95% CI: 1.02, 1.30). Further quartile-stratified analyses revealed a significantly elevated risk of all-cause mortality and cardiovascular mortality in the highest TyG quartile group in Models 2 and 3, adjusted for confounding factors (Table 2).



TABLE 2 Relationships between TyG and mortality in participants with diabetes mellitus.
[image: Table comparing hazard ratios and ninety-five percent confidence intervals for all-cause and cardiovascular mortality across three statistical models for TyG and its quartiles. Adjustments include age, gender, race, education, and health variables. Quartile four shows higher risk in adjusted models, particularly for cardiovascular mortality.]



3.3 Relationship between vitamin D and mortality in diabetic patients

This study aimed to assess the association between vitamin D levels and all-cause and cardiovascular mortality in patients with diabetes. The unadjusted model 1 revealed a positive association between vitamin D levels and all-cause mortality (HR = 1.01, 95% CI: 1.01, 1.01). However, this association was reversed in both Model 2 and Model 3 after adjusting for multiple confounders (Model 2: HR = 0.99, 95% CI: 0.99, 0.99; Model 3: HR = 0.99, 95% CI: 0.99, 0.99). After adjusting for potential confounding variables (model 3), all-cause mortality was lower in patients with sufficient vitamin D levels than those with insufficient (HR = 0.89, 95% CI: 0.79, 0.99) (Table 3). Quartile-stratified analyses demonstrated that in both Model 2 and Model 3, adjusted for confounders, the risk of all-cause mortality was lower in the higher vitamin D quartile compared with the lowest quartile group (Supplementary Table S1). Furthermore, vitamin D levels were inversely correlated with cardiovascular mortality following adjustment for potential confounding variables (Model 2: HR = 0.99, 95% CI: 0.99, 0.99; Model 3: HR = 0.99, 95% CI: 0.99, 0.99) (Table 3). Similarly, the risk of cardiovascular mortality was lower in all quartiles with higher vitamin D levels compared with the lowest quartile group (Supplementary Table S1).



TABLE 3 Relationships between vitamin D and mortality in participants with diabetes mellitus.
[image: Table comparing hazard ratios with ninety-five percent confidence intervals for all-cause and cardiovascular mortality by vitamin D sufficiency across three models with increasing adjustment for confounders. Sufficient vitamin D associates with higher all-cause and cardiovascular mortality in crude Model 1 but with lower or non-significant risk in adjusted Models 2 and 3. Footnotes specify adjustment factors for each model.]



3.4 RCS analysis

The results of the analysis indicated the existence of significant nonlinear associations between TyG and vitamin D levels and mortality. Figures 2A,B illustrate the correlation between TyG and vitamin D levels and all-cause mortality. Figure 2A demonstrates that the p-value for the overall association between TyG and all-cause mortality was less than 0.001, the nonlinear p-value was 0.003, and the inflection point was 9.04. This suggests that the risk of all-cause mortality initially decreased and then significantly increased with increasing TyG values. Figure 2B illustrates the overall association between vitamin D and all-cause mortality, with a p-value of less than 0.001, a nonlinear p-value of less than 0.001, and an inflection point of 75 nmol/L. This indicates a negative association between vitamin D levels and all-cause mortality at vitamin D levels below 75 nmol/L, suggesting that the risk of all-cause mortality gradually decreases with increasing vitamin D levels. Figures 2C,D illustrate the correlation between TyG and vitamin D levels and cardiovascular mortality. Figure 2C demonstrates that the p-value for the overall association between TyG and cardiovascular mortality was 0.010, the nonlinear p-value was 0.010, and the inflection point was 8.86. This suggests that the risk ratio for cardiovascular mortality increases with increasing TyG levels above 8.86. Figure 2D illustrates that the overall association between vitamin D and cardiovascular mortality was less than 0.001, the nonlinear p-value was less than 0.001, and the inflection point was 50 nmol/L. This suggests a significantly negative correlation between the risk ratio for cardiovascular mortality and the level of vitamin D when the level of vitamin D is below 50 nmol/L.

[image: Panel A displays a line graph showing hazard ratio versus TyG, with a histogram representing percent distribution and shaded confidence intervals; an inflection point is marked at 9.04. Panel B shows hazard ratio versus vitamin D level, with a histogram and an inflection point at seventy-eight nanomoles per liter; confidence intervals are shaded. Panel C resembles panel A but uses a red curve and an inflection point at 8.86. Panel D resembles panel B, featuring a red curve and an inflection point at fifty nanomoles per liter. Each panel includes P-values and nonlinear statistics.]

FIGURE 2
 Restricted cubic spline fitting for the association between mortality and the TyG and vitamin D. (A,B) All-cause mortality according to the TyG and vitamin D; (C,D) cardiovascular mortality according to the TyG and vitamin D. Solid lines indicate HR, and shaded areas indicate 95% CI. These analyses were adjusted according to Model 3.




3.5 Mediating role of vitamin D in the relationship between TyG and mortality

The present study also sought to ascertain the mediating role of vitamin D in the association between TyG and mortality. The results demonstrated that vitamin D partially mediated the association between TyG and all-cause mortality, with an indirect effect of −5.82 (95% CI: −12.55, −1.71), and the proportion of mediating impact was 9.1% (95% CI: 2.3, 30.5%). However, the mediating role of vitamin D in the association between TyG and cardiovascular mortality was insignificant, with an indirect effect of −14.76 (95% CI: −38.02, −2.12). Nevertheless, the proportion of mediating effect remains uncertain (95% CI: −34.8, 84.1%) (Table 4). The analyses above were conducted after adjusting for gender, age, race, education level, marital status, family PIR, smoking, alcohol consumption, physical activity, hypertension, coronary heart disease, and stroke. These findings suggest that vitamin D may play a role in the association of TyG with all-cause mortality.



TABLE 4 Mediation of vitamin D for the association between TyG and mortality.
[image: Data table showing mediation analysis results for all-cause and cardiovascular mortality. Indirect effect: all-cause −5.82 (−12.55, −1.71), cardiovascular −14.76 (−38.02, −2.12). Direct effect: all-cause −58.24 (−152.26, −7.33), cardiovascular −146.88 (−471.30, 15.57). Proportion mediated: all-cause 9.1 percent (2.3, 30.5); cardiovascular 9.6 percent (−34.8, 84.1). Analyses adjusted for multiple demographic and health factors.]



3.6 RCS analysis of the interaction between vitamin D and TyG

Figure 3A illustrates the nonlinear relationship between TyG and all-cause mortality at varying levels of vitamin D. The analyses demonstrated that alterations in vitamin D levels significantly moderated the impact of TyG on all-cause mortality. At vitamin D levels below 75 nmol/L, the HRs and 95% CIs of TyG on all-cause mortality were more significant than 1, indicating that the positive correlation between TyG and all-cause mortality was significant in this interval and gradually diminished with increasing vitamin D levels. However, when vitamin D levels were greater than or equal to 75 nmol/L, although the HR of TyG on all-cause mortality exhibited a gradual increase, the lower limit of the 95% confidence interval was markedly distant from 1, indicating that the effect of TyG on all-cause mortality was no longer statistically significant under conditions of sufficient vitamin D. Figure 3B illustrates the interaction between vitamin D and TyG levels on cardiovascular mortality. The results were analogous to those observed for all-cause mortality. When vitamin D levels were less than 75 nmol/L, the HR for cardiovascular mortality from TyG decreased progressively with increasing vitamin D levels; however, the lower limit of the 95% confidence interval was lower. The effect of TyG on cardiovascular mortality was no longer statistically significant when vitamin D levels were greater than or equal to 75 nmol/L. These findings indicate that the interaction between vitamin D and TyG may significantly prevent and treat cardiovascular disease, particularly in all-cause and cardiovascular mortality.

[image: Two line charts compare the relationship between vitamin D levels in nanomoles per liter and hazard ratio (HR) for two scenarios labeled A and B. Chart A features a blue line and chart B a red line, each with solid lines representing HR and dashed lines indicating confidence intervals. Both show HR near one at low vitamin D levels, rising as vitamin D increases, with vertical dashed lines marking lower reference points. Chart B has a logarithmic HR axis. Axes are labeled and grids are visible.]

FIGURE 3
 Interaction restricted cubic spline fitting of vitamin D for the association between mortality and the TyG. (A) All-cause mortality according to the TyG; (B) cardiovascular mortality according to the TyG. Solid lines indicate HR, and areas between the two dotted lines indicate 95% CI. These analyses were adjusted according to Model 3.




3.7 Subgroup analysis of vitamin D levels

The participants were divided into two subgroups based on their vitamin D levels, with those with levels below 75 nmol/L classified as the first subgroup and those with levels above 75 nmol/L classified as the second subgroup. The associations between TyG and all-cause and cardiovascular mortality were analyzed within each subgroup. All analyses were adjusted for potential confounding variables using a multivariable model. As illustrated in Figure 4, in the subgroup with vitamin D levels below 75 nmol/L, there was a notable elevation in the risk of all-cause mortality with each unit increase in TyG (HR = 1.13, 95% CI: 1.05, 1.22, p = 0.002). However, in the subgroup with vitamin D levels above 75 nmol/L, the association between TyG and all-cause mortality was attenuated. It did not reach statistical significance (HR = 1.02, 95% CI: 0.88, 1.19, p = 0.791). Figure 5 illustrates the correlation between TyG and cardiovascular mortality within distinct vitamin D subgroups. In the subgroup with vitamin D levels below 75 nmol/L, a significant positive correlation was observed between TyG and cardiovascular mortality (HR = 1.14, 95% CI: 1.01, 1.31, p = 0.047). This indicates that an increase in TyG is associated with a notable elevation in the risk of cardiovascular mortality at this vitamin D level. Nevertheless, the correlation between TyG and cardiovascular mortality was diminished and did not attain statistical significance in the subgroup with vitamin D levels above 75 nmol/L (HR = 0.97, 95% CI: 0.75, 1.26, p = 0.834). These findings indicate that the correlation between TyG and all-cause and cardiovascular mortality is more pronounced in individuals with insufficient vitamin D levels. Furthermore, sufficient vitamin D levels may mitigate the adverse effects of TyG on all-cause and cardiovascular mortality in diabetic patients.

[image: Forest plot summarizing adjusted hazard ratios with ninety-five percent confidence intervals for overall and vitamin D subgroups, showing significant associations in the overall and less than seventy-five groups but not in seventy-five or greater. P values and numbers of subjects are reported.]

FIGURE 4
 Subgroup analysis of vitamin D for the association between TyG and all-cause mortality. These analyses were adjusted according to Model 3.


[image: Forest plot table showing adjusted hazard ratios with ninety-five percent confidence intervals for overall and vitamin D subgroups. Significant association found for vitamin D less than seventy-five nanomoles per liter with adjusted hazard ratio one point one four, confidence interval one point zero one to one point three one, P equals zero point zero four seven.]

FIGURE 5
 Subgroup analysis of vitamin D for the association between TyG and cardiovascular mortality. These analyses were adjusted according to Model 3.





4 Discussion

This study examined the correlation between the TyG index and all-cause mortality and cardiovascular mortality in individuals with DM across varying vitamin D levels. The analysis was conducted using data from the NHANES database. The study’s results demonstrated a statistically significant positive correlation between the TyG index and all-cause mortality and cardiovascular mortality after adjusting for potential confounding factors such as gender, age, and race. Conversely, the relationship between vitamin D level and mortality exhibited a statistically significant negative correlation, with an overall U-shaped trend. The findings indicated that the TyG index and vitamin D level were significant independent prognostic factors in diabetic patients. Further analysis of the interaction between TyG and vitamin D levels revealed that a significant positive association between TyG and all-cause mortality and cardiovascular mortality persisted in diabetic patients with insufficient vitamin D levels. In contrast, this association was significantly diminished in patients with sufficient vitamin D levels. The findings of this study offer a novel perspective on the clinical management of diabetes. Clinicians should consider both the TyG index and vitamin D levels when assessing the prognosis of diabetic patients to develop a more personalized management strategy.

Insulin resistance represents a pivotal pathophysiologic feature of diabetes and serves as a risk factor for many cardiovascular diseases and metabolic syndromes. The relationship between the TyG index, a marker for insulin resistance, and mortality in diabetic patients may be influenced by various biological mechanisms. Firstly, insulin resistance reduces the body’s sensitivity to insulin, which promotes the overproduction of glucose by the liver and increases insulin secretion, leading to hyperinsulinemia (19, 20). Chronic hyperinsulinemia may contribute to the development of atherosclerosis and increase the risk of cardiovascular disease, which in turn affects the survival of diabetic patients (20, 21). Secondly, there is an association between insulin resistance, chronic inflammation, and oxidative stress (22, 23). Increases in inflammatory factors, such as tumor necrosis factor-alpha and interleukin 6, can further exacerbate insulin resistance, promoting thrombosis and atherosclerosis. Furthermore, insulin resistance may influence the functionality and structure of microvessels, potentially leading to microvascular complications such as diabetic retinopathy and diabetic nephropathy, which could indirectly elevate the risk of mortality in patients (24, 25). Furthermore, insulin resistance frequently occurs alongside hypertriglyceridemia and low high-density lipoprotein cholesterol levels. These dyslipidemias represent significant risk factors for atherosclerosis, thereby exacerbating cardiovascular complications (26, 27). The results of the present study demonstrated a significant positive correlation between TyG and all-cause mortality and cardiovascular mortality in diabetic patients. This finding underscores the pivotal role of insulin resistance in the prognosis of diabetic patients.

It is hypothesized that vitamin D may act on mortality in diabetic patients through several mechanisms. Firstly, vitamin D may increase insulin secretion and improve insulin resistance by directly acting on pancreatic beta cells, promoting their function and proliferation (28, 29). Secondly, vitamin D has been demonstrated to inhibit the proliferation and migration of vascular smooth muscle cells, thereby reducing the formation of atherosclerosis (30, 31). Furthermore, it regulates the production of vasodilatory factors, improves vascular endothelial function, and protects the cardiovascular system from damage (32). Moreover, vitamin D exerts notable anti-inflammatory and immunomodulatory effects, inhibiting the synthesis of pro-inflammatory cytokines and mitigating the detrimental effects of inflammatory responses on the body (33, 34). Moreover, vitamin D regulates the renin-angiotensin system (RAS), which benefits blood pressure control and cardiovascular health (35–37). The present study revealed a significant negative correlation between vitamin D levels, all-cause mortality, and cardiovascular mortality in diabetic patients. These findings indicate that vitamin D levels may benefit from reducing the mortality risk in diabetic patients.

Vitamin D may influence the state of insulin resistance, and thus the risk of diabetes and its complications, through some mechanisms. First, vitamin D affects gene expression by binding to the vitamin D receptor (VDR) through its active form, 1,25-dihydroxyvitamin D. The VDR is expressed in several tissues, including muscle, fat, and liver, which play a pivotal role in insulin action and glucose metabolism. Vitamin D regulates insulin signaling in these tissues via the VDR, which may result in enhanced insulin sensitivity (38, 39). Secondly, vitamin D has been demonstrated to promote pancreatic β-cell proliferation and insulin synthesis and secretion, thereby contributing to normal blood glucose levels. In a state of insulin resistance, the function of pancreatic β-cells may be compromised. Vitamin D supplementation may help protect and improve these cells’ function (28, 29). Furthermore, insulin resistance is linked to a sustained, low-grade inflammatory condition. Vitamin D has anti-inflammatory and antioxidant properties that reduce inflammatory factors and oxidative stress products in the body, thereby protecting the vascular endothelium and other target organs from damage (33, 34). Furthermore, it has been demonstrated to attenuate the adverse effects of insulin resistance on mortality (40, 41). Moreover, vitamin D may impact the distribution and metabolism of adipose tissue by regulating adipocyte differentiation and function. In states of insulin resistance, the abnormal distribution and function of adipose tissue may result in metabolic disturbances. Vitamin D supplementation may prove an effective means of alleviating these conditions. Furthermore, vitamin D plays a role in regulating lipid metabolism, including triglyceride and cholesterol metabolism (41, 42). Vitamin D supplementation may facilitate improvements in blood lipid levels and a reduction in the risk of atherosclerosis, which is crucial for mitigating the risk of insulin resistance and diabetic complications (31).

The present study employed RCS analysis and subgroup analysis to ascertain whether vitamin D levels significantly modulate the effect of the TyG index on mortality in diabetic patients. The results indicated that this was indeed the case. This finding suggests vitamin D may reduce mortality risk in diabetic patients by improving insulin resistance status, thereby underscoring the synergistic role of vitamin D and insulin resistance in diabetes prognosis. The interaction between vitamin D and insulin resistance collectively influences the risk of developing diabetes and its associated complications, as well as mortality in diabetic patients. It is, therefore, of particular importance in clinical practice to develop individualized management strategies that consider the patient’s vitamin D level and insulin resistance status.

In this study, the confidence intervals observed for the mediation effect analysis for direct effects, indirect effects, and mediation proportions were notably wide. The primary potential cause for this phenomenon is the presence of errors in the measurement of the variables, which may impact the precision of the effect estimates, resulting in wider confidence intervals. The presence of unrecognized or uncontrolled confounding factors (e.g., genetic factors, dietary habits, etc.) may affect the accurate estimate of the relationship between the variables, leading to wider confidence intervals. The distribution of the variables included in the study is abnormal, which may affect the stability of the effect estimates and lead to wider confidence intervals. Additionally, the sample size included in the study may still be insufficient, which may also affect the confidence intervals. These factors may act individually or in combination to lead to the emergence of broader confidence intervals. Therefore, caution and consideration of possible limitations and uncertainties are needed when interpreting these results.

While this study offers valuable insights, its limitations may impact the interpretation and generalizability of the results. First, this study did not account for certain important confounding factors, which may have affected the accuracy of the observed results. In particular, an individual’s socioeconomic status, dietary habits, and genetic predispositions may exert an influence on the mortality rate among patients with diabetes. Socioeconomic status represents a significant confounding factor, as it is strongly associated with the complications of diabetes and may also influence an individual’s capacity to access healthcare resources. It is also possible that dietary habits, genetic factors, and other such variables may significantly impact the study outcome. However, these factors were not considered in this study. The failure to include these confounding factors may have resulted in an inaccurate estimation of the relationship between exposure and outcome, thereby limiting the reliability of the study findings. Secondly, some participants were excluded from the final analysis due to the absence of pertinent exposure variable data (e.g., vitamin D levels). This situation may have impacted the accuracy and generalizability of the study results. In particular, excluding these participants may have resulted in a biased sample selection, which may have introduced random error. If these excluded participants differed significantly from those included in the analysis regarding key characteristics such as age, gender, and lifestyle, such differences could result in a biased representation of the findings, limiting the broad applicability of the conclusions. Furthermore, missing data may introduce a systematic error, particularly if the pattern of missing data is associated with specific identifiable factors (e.g., socioeconomic status, disease severity). For instance, if participants with incomplete vitamin D data are predominantly from a lower socioeconomic status population, which may exhibit disparate health outcomes compared to the overall population, the study results may be susceptible to systematic bias. Such bias may compromise the reliability of the study findings and limit their applicability to populations from different socioeconomic backgrounds. Consequently, the potential errors associated with missing data should be fully considered when interpreting the results of this study. Future studies should prioritize the completeness and representativeness of data collection to validate further and extend the findings of this study. Furthermore, information bias represents a potential limitation of this study. In this study, information bias emerged due to measurement errors in the TyG index and vitamin D levels and inaccurate reporting of mortality data. For instance, it is conceivable that serum vitamin D measurements may not accurately reflect lifetime exposure or exposure during critical or sensitive periods. Furthermore, the mortality data collection relies on follow-up surveys, which may be subject to incomplete or inaccurate follow-up, potentially introducing additional bias. Such biases may obscure or amplify the relationship between exposure and outcome, further compromising the precision of study conclusions. To mitigate the influence of these biases, future studies should implement more rigorous sampling techniques to guarantee sample representativeness and utilize more precise measurement instruments and data collection methods to enhance data quality. Concurrently, incorporating additional confounding variables and applying advanced statistical techniques to regulate the impact of these variables is essential to attain more precise and reliable research conclusions.



5 Conclusion

This study examined the impact of the TyG index and vitamin D levels and their interaction on all-cause mortality and cardiovascular mortality in individuals with diabetes. The analysis was conducted using data from the NHANES database. The study’s findings indicated that TyG, as a marker of insulin resistance, was positively correlated with mortality in diabetic patients, particularly in low vitamin D levels. The beneficial effects of vitamin D on mortality in diabetic patients may be mediated by its ability to improve insulin sensitivity, exert anti-inflammatory effects, and provide cardiovascular protection, thereby attenuating the adverse impact of TyG (insulin resistance) on mortality. Moreover, the mediating effect of vitamin D levels on the relationship between TyG and mortality indicates that vitamin D may serve as a pivotal protective factor in the pathophysiological process of diabetes. These findings underscore the necessity of monitoring and adjusting TyG and vitamin D levels in diabetes management and offer novel insights for future clinical research on improving the prognosis of diabetic patients by intervening in these biomarkers. While this study is limited in scope, the results offer insight into the potential for personalized treatment and prevention strategies for diabetes. Further investigation into the interactions between these biomarkers and their potential application in diabetes management is warranted.
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Introduction: Zinc plays a crucial role in glucose metabolism. The association between serum zinc and insulin resistance has recently been investigated as well, but the findings are inconsistent. The triglyceride-glucose index (TyG) is frequently utilized in epidemiological research to assess insulin resistance. The association between serum zinc levels and TyG has not yet been explored. Therefore, we designed this cross-sectional study to assess the relationship between serum zinc and TyG in adults using data from the National Health and Nutrition Examination Survey (NHANES).
Methods: A cross-sectional analysis was performed on 1,610 adults aged ≥20 years who participated in the National Health and Nutrition Examination Survey (NHANES) 2011–2016. The participants were stratified by age, and the differences in log-transformed serum zinc quartiles and TyG were further evaluated in age groups <60 years and ≥60 years using multivariable linear regression with an interaction test. Additionally, a restricted cubic spline (RCS) model was employed to examine the dose-response relationships between log-transformed serum zinc and TyG.
Results: In this cross-sectional study, a significant interaction was observed between log-transformed serum zinc and TyG in individuals aged <60 years and those aged ≥60 years when log-transformed serum zinc was transformed into a categorical variable (P-value for the likelihood ratio test for the interaction was P = 0.017). Additionally, in the fully adjusted analyses, the association between log-transformed serum zinc and TyG in the age <60 years group demonstrated a J-shaped nonlinear pattern (P for nonlinearity = 0.014), with an inflection point at ~1.94 μg/dL. While in the age ≥60 years group, it exhibited an inverted-L shaped nonlinear pattern (P for nonlinearity < 0.001***).
Conclusion: There is a significant relationship between log-transformed serum zinc and TyG in adults in the United States, with age potentially influencing this association. Further prospective studies are needed to offer additional evidence and insights into these findings.
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serum zinc, triglyceride-glucose index, age, NHANES, cross-sectional analysis


1 Introduction

Zinc, the second most prevalent trace metal in the human body, is a vital micronutrient essential for growth and development (1). It is a component of numerous enzymes (2) and may play a protective role by regulating inflammation, reducing oxidative stress, and participating in lipid and glucose metabolism (3). Additionally, zinc is crucial in the biochemistry of insulin and glucagon within pancreatic β- and α-cells (4), playing a key role in the synthesis, storage, and release of insulin, and is linked to diabetes and metabolic syndrome (3, 5). Over recent decades, zinc has been extensively studied for its antioxidative and anti-inflammatory properties. Mild or moderate zinc deficiency in humans can result in stunted growth, delayed puberty in adolescents, hypogonadism in males, dermatitis, decreased appetite, mental lethargy, and delayed wound healing (6). However, several studies showed high doses of zinc-based biomaterials may have adverse effects, including liver, spleen, and pancreas damage in mice, disruption of energy metabolism, and impairment of mitochondrial and cell membrane function in rat kidneys (7–9). Assessing zinc status is challenging due to tightly regulated zinc homeostasis. The Biomarkers of Nutrition for Development Zinc Expert Panel and the International Zinc Nutrition Consultative Group recommend using plasma or serum zinc concentration as a biomarker for zinc status (10).

Insulin resistance is closely linked to risk factors for cardiovascular and metabolic diseases, including coronary heart disease, stroke, hypertension, atherosclerosis, diabetes, and atrial fibrillation (11–13). It significantly contributes to the morbidity and mortality rates associated with these conditions, as well as imposing a substantial economic burden (14). Currently, the hyperinsulinemic-euglycemic clamp (HEC) is considered the gold standard for evaluating insulin sensitivity in peripheral tissues (15). However, this invasive method is complex, time-consuming, and technically challenging, which has led to a preference for simpler indicators of insulin resistance. Traditional measures like the homeostatic model assessment for insulin resistance (HOMA-IR) and the quantitative insulin sensitivity check index (QUICKI), both of which rely on fasting insulin levels, are limited by practical constraints and variability (16). The triglyceride-glucose index (TyG) is a reliable and easily acquired indicator which is derived from fasting plasma glucose and triglyceride (TG) levels, serves as an indicator for assessing insulin resistance in epidemiological research (17). TyG has emerged as a novel tool that demonstrates superiority over HOMA-IR in evaluating insulin resistance, particularly in individuals with diabetes undergoing insulin therapy or those lacking functional beta cells (18–21). A 12-year longitudinal study from the Korean Genome and Epidemiology Study cohort found that a higher TyG index precedes and significantly predicts type 2 diabetes in community-dwelling, middle-aged, and elderly lean Koreans (22). Several studies have provided evidences linking TyG to the onset and prognosis of cardiovascular diseases, including stable coronary artery disease, carotid plaque, coronary artery calcification, and acute coronary syndrome (13, 23–25). Moreover, TyG is closely associated with cardiovascular disease risk factors such as arterial stiffness and hypertension (11, 12).

The association between serum zinc and insulin resistance has recently been investigated as well, but the findings are inconsistent. Some studies have documented that zinc deficiency may predispose glucose intolerance and insulin resistance, diabetes mellitus, and coronary artery disease (26–29). While previous studies suggest that higher serum zinc concentrations may be associated with an increased risk of metabolic syndrome (5, 30, 31), and serum zinc concentration was significantly higher in both abnormal glucose tolerance and the presence of diabetes individuals (32). Animal research shows that the administration of zinc in small doses has been demonstrated to confer protection against type 2 diabetes; however, a high concentration of the element has been shown to exert a toxic effect on the beta cells within the islets of Langerhans (33). Meanwhile, a study found statistically significant positive association between zinc and HOMA-IR in men aged 50–75 years without diabetes, and the men with metabolic syndrome showed statistically significant higher zinc (34). But a study report that there is no statistically significant association between the concentration of zinc and metabolic syndrome with its individual components in adults from Lebanon aged 18–65 years (35).

Our study aims to examine the association between serum zinc levels and TyG, which has not yet been explored. To fill this knowledge gap, we evaluated the relationship between serum zinc and TyG in adults using data from the National Health and Nutrition Examination Survey (NHANES). Our hypothesis was that individuals with elevated TyG levels would have higher serum zinc levels, based on observed nutritional patterns in this population. Additionally, we assessed the dose-response relationship between serum zinc and TyG.



2 Materials and methods


2.1 Data sources and study population

The National Health and Nutrition Examination Survey (NHANES) is a series of health-related research aimed at determining non-institutionalized Americans' health and nutritional status. As a representative sample, a multistage, stratified probability strategy was used to select survey participants (36). This cross-sectional study used the data from 2011–2012, 2013–2014, and 2015–2016 cycles from the NHANES, as the interesting trace metal was only examined in these three survey waves. Demographic, socioeconomic and health-related information were collected through questionnaires, physical examinations, and laboratory tests. Health interviews were conducted at participants' homes, while thorough physical examinations, including blood sample collection, were carried out at the Mobile Examination Center (MEC). The collected serum specimens were then tested at the National Center for Environmental Health's Division of Laboratory Sciences of the Centers for Disease Control and Prevention (37).

The NHANES was authorized by the National Center for Health Statistics Ethics Review Board (https://www.cdc.gov/nchs/nhanes/irba98.htm). Before participating, all participants completed written informed consent forms. The secondary analysis did not require additional Institutional Review Board approval (38). The NHANES data are accessible through the NHANES website (http://www.cdc.gov/nchs/nhanes.htm; accessed on 19 Oct 2023).



2.2 Inclusion criteria

Our study's participants were above the age of 20 and had completed an interview and evaluation at a MEC.



2.3 Exclusion criteria

We excluded pregnant women or individuals with missing data on serum zinc, fasting plasma glucose (FPG), triglyceride (TG) or covariates. And we excluded participants with extreme energy intake, consuming <500 or >5,000 kcal per day.



2.4 Serum zinc

Serum zinc was detected at the Environmental Health Sciences Laboratory of the CDC National Center for Environmental Health using the inductively coupled plasma dynamic reaction cell mass spectrometry following extensive quality control procedures. The lower limit of detection (LLOD) for serum zinc was 2.9 μg/dL, and all the data was above the LLOD for all tests. In the multivariable linear models, log-transformed serum zinc was categorized into quartiles: Q1 (1.69–1.89 μg/dL; n = 397), Q2 (1.90–1.93 μg/dL; n = 408), Q3 (1.94–1.97 μg/dL; n = 401), Q4 (1.98–2.37 μg/dL; n = 404).



2.5 Triglyceride-glucose index

Triglyceride-glucose index (TyG) was calculated using the formula Ln [fasting TG (mg/dL) × fasting plasma glucose (FPG; mg/dL)/2] (18). Blood samples were taken in the morning after fasting overnight to measure the levels of TG and glucose in the blood. The concentration of TG and FPG was measured using an automatic biochemistry analyzer. The serum TG levels were determined using a Roche Cobas 6000 chemistry analyzer and a Roche Modular P chemistry analyzer. A Roche/Hitachi Cobas C 501 chemistry analyzer was used to measure FPG using the hexokinase-mediated reaction.



2.6 Covariates

The covariates considered in this study consisted of sociodemographic, behavioral, health characteristics and laboratory data deemed a priori as potential confounders.

Sociodemographic variables consisted of age groups (20–59 years and ≥60 years) (39–41), gender (female and male), race/ethnicity (non-Hispanic White, non-Hispanic Black, Mexican American, or other races), education level (<9, 9–12, or >12 years), marital status (married, living with a partner, or living alone). According to a US government report (42), family income was categorized into three groups by the poverty income ratio (PIR): low (PIR ≤ 1.3), medium (PIR > 1.3–3.5), and high (PIR > 3.5).

Behavioral characteristics comprised smoking status, drinking status, and physical activity. According to previous literature definitions (43), smoking status was classified into three categories: never smokers (participants who had smoked fewer than 100 cigarettes), current smokers, and former smokers (those who had quit smoking after smoking more than 100 cigarettes). Furthermore, individuals who consumed at least 12 alcoholic drinks per year throughout their lifetime were classified as drinkers (37). Physical activity was categorized as sedentary, moderate (involving at least 10 min of movement within the past 30 days, resulting in light sweating or a mild to moderate increase in breathing or heart rate), and vigorous (involving at least 10 min of activity within the past 30 days, resulting in profuse sweating or a significant increase in breathing or heart rate) (43).

Health factors included body mass index (BMI), trouble sleeping, hypertension (no or yes) (44), diabetes (no or yes) (45) and failing kidneys (no or yes) (46). BMI was computed using a standardized technique which is weight (kg) divided by height (m) and divided into four categories with cut-off values of 18.5, 25, and 30 kg/m2 (underweight, normal, overweight, and obese) (47). Hypertension was diagnosed based on a self-reported physician diagnosis (a positive response to “Have you been diagnosed with hypertension?”), and/or recent use of an antihypertensive agent (a positive response to “Are you currently taking any antihypertensive drugs to treat or control your blood pressure?”), and/or a systolic blood pressure/diastolic blood pressure ≥140/90 mmHg (44). Diabetes cases were defined as participants who fulfilled the inclusion criteria: (1) FPG ≥126 mg/dL, (2) 2-h plasma glucose ≥200 mg/dL on an oral glucose tolerance test (OGTT), (3) HbA1c ≥6.5%, and (4) current use of insulin or diabetes pills to lower blood glucose levels, or a self-report questionnaire that indicates a previously diagnosed of T2DM by a physician (45). Failing kidneys was determined for participants who positively responded to the question has he/she ever been told by a doctor or other health professional that had weak or failing kidneys (excluding kidney stones, bladder infections, or incontinence) (46). A dietary recall interview preceded and interview including total energy intake.

Laboratory data including HbA1c, high density lipoprotein cholesterol (HDL-C), triglyceride, creatinine, total cholesterol, FPG and uric acid.



2.7 Statistical analysis

Statistical analyses were performed using the statistical software programs R (The R Foundation) and Free Statistics software version 1.9.2 (Beijing Free Clinical Medical Technology Co., Ltd.) (48). All statistical tests were two-sided, and significance was considered at P < 0.05. Analyses were conducted according to the Centers for Disease Control and Prevention (CDC) guidelines for the analysis of NHANES data. As the sample size was determined based solely on the available data, no a priori statistical power estimates were conducted. We used fasting subsample MEC weights for the weighted analysis. For the combined analyses of NHANES 2011–2016 data, a 6-year fasting subsample MEC weights (WTSAF2YR) set was used, stratum (SDMVSTRA), and primary sampling units (SDMVPSU) were taken into account for the complex survey design (48).

Categorical data were expressed as unweighted numbers (weighted percentages), whereas continuous data were expressed as means (standard deviation, SD). One-way analyses of variance (continuous variables) and chi-square tests (categorical variables) were used to compare differences between the groups. To analyze the association between serum zinc and TyG, we used univariate and multivariable linear regression models. The models integrated regression coefficients (β) and 95% confidence intervals (CI) while controlling for significant covariates. Log-transformed serum zinc was considered a continuous variable after undergoing a logarithm 10 transformation. The selection of confounding variables was guided by clinical relevance, existing scientific literature, the significance of covariates in univariate analysis, their correlation with the outcomes of interest, or a change in effect estimate exceeding 10%. In multivariable linear regression, we showed (1) unadjusted models, (2) model 1 adjusted covariates with a change in effect estimate exceeding 10%, including sex, BMI, HDL-C, TC, uric acid, diabetes and trouble sleeping, (3) model 2 adjusted for variables from model 1 plus covariates that P values were < 0.05 in the univariate analysis, including age, race and ethnicity, educational level, physical activity, smoking status, HbA1c, failing kidneys, hypertension, and (4) model 3 adjusted for variables from model 2 plus covariates that on the basis of previous findings and clinical constraints, including marital status, PIR, drinking status, creatinine, total energy intake (17, 49).

In addition, we examined possible dose-response relationships between log-transformed serum zinc and TyG after adjusting variables in model 3, restricted cubic spline (RCS) regression was performed with 4 knots at the 5th, 35th, 65th, and 95th percentiles of the distribution (43).

We used a two-piece-wise linear regression model with smoothing to analyze the association threshold between log-transformed serum zinc and TyG after adjusting the variables in model 3, the likelihood-ratio test and the bootstrap resampling method were used in determining inflection points, in addition to conducting separate analyses for the age groups <60 years and age ≥60 years.

Furthermore, we compared potential modifications of the relationship between log-transformed serum zinc and TyG in the groups with age <60 years and age ≥60 years. The heterogeneity in the subgroup were assessed using multivariable linear regression and interactions between the subgroup and log-transformed serum zinc were examined through likelihood ratio testing.




3 Results


3.1 Study population

In total, 29 902 participants completed the interview, of whom 12,854 participants were < 20 years old. We excluded pregnant women (n = 192), those missing data on TG (n = 9,680), those missing data on FPG (n = 9), those missing data on serum zinc (n = 4,841), or those with covariates (n = 636). And we excluded participants with extreme energy intake, consuming < 500 or >5,000 kcal per day (n = 80). Ultimately, this cross-sectional study included 1 610 participants from the NHANES between 2011 and 2016 in the analysis. The detailed inclusion and exclusion process is shown in Figure 1. The figure delineates the study's design, sampling, and exclusion procedures. This study included American adults (aged ≥20 years) who participated in the 2011–2012, 2013–2014, and 2015–2016 cycles of NHANES, as the serum zinc is only assessed during these survey waves.


[image: Flowchart showing participant selection for a study: from 29,902 interviewees, exclusions included age under 20 years, pregnancy, missing data for key variables, and extreme energy intake, resulting in 1,610 final participants.]
FIGURE 1
 Flow chart of the study population enrollment. TG, triglyceride; FPG, fasting blood glucose.




3.2 Baseline characteristics

The Supplementary Table S1 describes the baseline characteristics of the excluded and included participants. Table 1 illustrates the baseline characteristics of all subjects based on their age, categorized into the age < 60 group and age ≥60 group. The average age of the study participants was 49.6 (17.6) years, and 839 (52.1%) individuals were male. In comparison to the age < 60 group, the age ≥60 group exhibited elevated levels of HbA1c, HDL-C, creatinine, FPG, uric acid, and TyG. Furthermore, they demonstrated a higher prevalence of hypertension, diabetes, renal impairment, and sedentary physical activity, along with a lower prevalence of current smoking, current alcohol use, and lower educational attainment. The log-transformed serum zinc levels in the age ≥60 group were comparable to those in the age < 60 group (P = 0.29).


TABLE 1 Baseline characteristics of participants.

[image: Table summarizing demographic and clinical characteristics of 1,610 subjects by age group, displaying values for variables such as gender, race/ethnicity, education, marital status, BMI, physical activity, smoking, drinking status, selected clinical measurements, and health conditions, including p-values for group comparisons.]



3.3 Relationship between serum zinc level and TyG

The univariate analysis demonstrated that age, sex, race/ethnicity, education level, BMI, physical activity, smoking status, trouble sleeping, HbA1c, HDL-C, TC, uric acid, failing kidneys, hypertension, diabetes, and log-transformed serum zinc were associated with TyG (Table 2).


TABLE 2 Association of convariates and triglyceride-glucose index.

[image: Data table listing variables associated with β coefficients, confidence intervals, and P-values for demographic, lifestyle, and clinical characteristics. Significant associations are highlighted for age, gender, race/ethnicity, education, BMI, physical activity, smoking, HbA1c, HDL, uric acid, kidney status, hypertension, diabetes, and serum zinc, with P-values less than zero point zero zero one for many variables.]

The findings of the multivariable linear regression analysis are shown in Table 3. In the unadjusted model, there was a positive association of log-transformed serum zinc with TyG (β = 1.16, 95% CI = 0.55–1.78). Results were similar after adjusting for sex, BMI, HDL-C, TC, uric acid, diabetes and trouble sleeping (β = 0.50, 95% CI = 0.04–0.96). After adjusting for other possible confounders, including age, race and ethnicity, educational level, physical activity, smoking status, HbA1c, failing kidneys, hypertension, marital status, PIR, alcohol, creatinine, and total daily energy intake, the positive association remained significant (β = 0.50, 95% CI = 0.08–0.93; P < 0.05). When log-transformed serum zinc was analyzed using quartiles, the association between TyG was consistent across all models, indicating their robustness (Table 3). The individuals with quartile 3 (Q3) group of log-transformed serum zinc (1.94–1.97 μg/dL) were used as the baseline reference, those with Q4 group of log-transformed serum zinc (1.98–2.37 μg/dL) had an adjusted β for TyG of 0.092 (95% CI 0.013–0.17, P < 0.05; Table 3) after adjusting for the variables in Model 3.


TABLE 3 Multivariable linear regression was used to determine the relationship between log-transformed serum zinc and triglyceride-glucose index, weighted.

[image: Statistical table showing the association between log-transformed serum zinc levels and an unspecified outcome in 1,624 subjects, comparing crude and three adjusted models. Quartile analysis indicates higher Q4 values are positively associated with the outcome, with significant P values in Q4 across all models. Footnotes explain model covariates and abbreviations.]

Accordingly, in the fully adjusted analyses, the restricted cubic spline (RCS) regression (Figure 2) indicated a non-linear relationship between log-transformed serum zinc and TyG levels in a J-shaped manner (P for nonlinearity = 0.019) (A). A segmented regression model was employed to delineate the intervals and calculate threshold effects, with an inflection point at ~1.94 μg/dL. The results are presented in Table 4. When the log-transformed serum zinc was < 1.94 μg/dL, the estimated dose-response curve exhibited a consistent horizontal trend, and the relationships between the log-transformed serum zinc and TyG was not significant (P > 0.05). Likewise, the TyG exhibited an increase with rising log-transformed serum zinc after the inflection point, with a correlation coefficient (β) of 0.96 (95% CI: 0.25–1.66) after adjusting for the variables in Model 3 (Table 4). Furthermore, within the age <60 years group, the TyG demonstrated an increase with escalating log-transformed serum zinc after the inflection point, with a correlation coefficient (β) of 1.21 (95% CI: 0.49–1.94) after adjusting for the variables in Model 3. Conversely, within the age ≥60 years group, the TyG exhibited an increase with increasing log-transformed serum zinc prior to the inflection point, with a correlation coefficient (β) of 1.98 (95% CI: 0.62–3.35) after adjusting for the variables in Model 3 (Table 5).


[image: Three line graphs labeled A, B, and C display associations between log-transformed serum zinc levels and beta coefficient, each with a blue line and shaded confidence intervals. Vertical and horizontal dashed lines mark reference points; non-linearity p-values are 0.019, 0.014, and less than 0.001, respectively.]
FIGURE 2
 Restricted cubic spline model of the β coefficient of log-transformed serum zinc level with TyG with age ≥20 years (A) or with age <60 years (B) or with age ≥60 years (C). Adjusted for gender, body mass index (BMI), high-density lipoproteins (HDL), total cholesterol (TC), uric acid, diabetes, trouble sleeping, age, race and ethnicity, educational level, physical activity, smoke, HbA1c, failing kidneys, hypertension, marital status, poverty to income ratio (PIR), drinking status, creatinine, total energy intake. The dashed lines represent the 95% confidence intervals. Heavy central lines represent the estimated adjusted correlation coefficient (β), with LightSkyBlue shaded ribbons denoting 95% confidence intervals. The horizontal dotted lines represent the correlation coefficient (β) of 0 (Reference point). The reference point was set at the median level of log-transformed serum zinc (1.94 μg/dL), and the vertical dotted lines indicate the threshold value of log-transformed serum zinc at 1.94 μg/dL.



TABLE 4 Association between log-transformed serum zinc level and triglyceride-glucose index using two-piece-wise regression models.

[image: Data table comparing crude and adjusted models for log-transformed serum zinc levels below and above 1.94 μg/dL, presenting beta coefficients, confidence intervals, and p-values. Adjusted model for serum zinc ≥1.94 μg/dL shows significant association with β 0.96 (95% CI 0.25 to 1.66), p=0.01.]


TABLE 5 Association between log-transformed serum zinc level and triglyceride-glucose index using two-piece-wise regression models within the age < 60 years group and the age ≥ 60 years group (All participants).

[image: Data table compares the association between log-transformed serum zinc levels and outcomes by age group, including crude and adjusted models, with β coefficients, confidence intervals, and p-values reported for both age groups below and above sixty years.]

And the RCS analysis was also applied to investigated the dose-response association between log-transformed serum zinc level and TyG with age ≥60 years and age <60 years. Figure 2 shows that in the fully adjusted analyses log-transformed serum zinc was related to level of TyG in a J shaped nonlinear manner (P for nonlinearity = 0.014) in age <60 years group (B), but in a inverted-L shaped nonlinear manner (P for nonlinearity < 0.001) in age ≥60 years group (C).



3.4 Stratified analyses

A stratified analysis was conducted according to age, gender, BMI and diabetes to determine whether there were differential effects in the association between log-transformed serum zinc and TyG in American adults (aged ≥20 years). The results demonstrated that no statistically significant interactions were identified in any of the subgroups after stratification by gender, BMI and diabetes in model 3 (Supplementary Table S2). However, when log-transformed serum zinc was transformed into a categorical variable, an interaction between log-transformed serum zinc and TyG was observed in individuals aged <60 years and those aged ≥60 years (P value for the likelihood ratio test for the interaction was P = 0.017; Table 6). The individuals with the log-transformed serum zinc quartile 3 (Q3) group (1.94–1.97 μg/dL) were used as the baseline reference. In the group of individuals aged <60 years, those with the Q4 group of log-transformed serum zinc (1.98–2.37 μg/dL) exhibited an adjusted β for TyG of 0.096 (95% CI 0.009–0.18; P < 0.05) in comparison to the Q3 group, after adjusting for the variables in Model 3. In the group of individuals aged ≥60 years, those with the Q1 group of log-transformed serum zinc levels (1.69–1.89 μg/dL) exhibited an adjusted β for TyG of −0.169 (95% CI −0.280 to −0.058; P < 0.05) in comparison to the Q3 group.


TABLE 6 Interactive effect of log-transformed serum zinc and triglyceride-glucose index in patients within the age < 60 years group and the age ≥ 60 years group (All participants).

[image: Table presenting regression results of serum zinc and quartiles of log-transformed serum zinc on outcomes for participants younger than sixty years and sixty years or older, including β coefficients, confidence intervals, and p-values. Results are adjusted for multiple covariates, with significant findings in older adults for log-transformed serum zinc and the lowest quartile.]




4 Discussion

In this cross-sectional analysis of US adults aged ≥20 years, using NHANES data from 2011 to 2016, we identified a positive association between log-transformed serum zinc levels and TyG. Across all models, the effect size for log-transformed serum zinc with TyG (β = 0.50) remains relatively consistent in Models 1, 2, and 3. Notably, we observed a J-shaped non-linear relationship between log-transformed serum zinc levels and TyG, with an inflection point at ~1.94 μg/dL. Furthermore, a statistically significant interaction was identified between log-transformed serum zinc levels and TyG in individuals aged ≥60 years and those <60 years (P < 0.05). These findings have significant clinical implications.

Insulin resistance has been suggested to play a noteworthy role in the pathogenesis of metabolic syndrome (30, 50, 51), and some evidences (51–54) suggests a direct association between serum zinc and insulin resistance which is consistent with our studies. For example, an 11-year prospective follow-up investigation was carried out among 683 male participants from the Kuopio Ischaemic Heart Disease Risk Factor Study (51) who were aged 42–60 years at baseline between 1984 and 1989. Teymoor Yary et al. (51) revealed that elevated serum zinc levels were linked to increased Homeostatic Model Assessment (HOMA) of insulin resistance and HOMA of beta cell. Additionally, a positive correlation was observed between higher serum zinc levels and the development of metabolic syndrome, as well as three of its constituent features, namely increased waist circumference, hypertension, and low serum HDL cholesterol (30). And a cross-sectional observational study (55) using NHANES data from 2011 to 2016 also revealed that serum zinc concentration was significantly higher in both abnormal glucose tolerance and diabetes mellitus groups when compared to the normal glucose tolerance group.

However, other studies have produced contrasting results. According to a cross-sectional study (56), it was found that the prevalence of insulin resistance (HOMA-IR; categorized according to the 75th percentile of the sample distribution) was elevated among Brazilian adolescents falling within the lower quartiles of zinc intake (< 7.5 mg), with a prevalence ratios (PR; 95% CI) of 1.23 (1.10–1.38) compared to those in the higher quartiles of zinc intake (>16.3 mg; P < 0.05).

One randomized, placebo-control study (57) found that zinc supplementation at 30 mg daily for 4 weeks significantly decreased fasting insulin and HOMA values in Brazilian obese women aged 25–45 years, but that plasma zinc, BMI, fasting glucose, and leptin levels were unaffected by zinc supplementation.

However, a study conducted in Korea (58) revealed that a daily zinc supplementation of 30 mg over an 8-week period enhanced serum zinc and urinary zinc concentrations in obese Korean women (BMI ≥25 kg/m2) aged 19–28 years. Nevertheless, the study found that zinc supplementation did not lead to improvements in insulin resistance (HOMA-IR) or in any other metabolic risk factors. Similarly, Beletate et al. (59) found that a 4-week zinc supplementation did not result in any significant improvements in insulin resistance, fasting glucose, or lipid levels in women who were obese and aged 25–45 years with normal glucose tolerance. Regina El Dib et al. (29) included three randomized controlled studies in their review. The duration of zinc supplementation ranged between four and 12 weeks. The trials' primary outcome measure was insulin resistance, which was assessed using the Homeostasis Model Assessment of Insulin Resistance (HOMA-IR). The comparative analysis of this parameter between the zinc supplemented cohort and the control group revealed no statistically significant disparities across two trials, which collectively enrolled 114 participants.

Table 3 indicates a significant association between the highest quartile of serum zinc and TyG. However, the underlying mechanisms remain unclear, with several potential mechanisms having been proposed. First, elevated zinc concentrations may influence hormonal homeostasis, including leptin. Such hormonal imbalances could potentially lead to an increase in BMI, which in turn may precipitate insulin resistance (53). Second, it has been demonstrated that zinc plays a significant role in the function of β-cells and the secretion of insulin (60). Consequently, it has been proposed that the activity of β-cells should be enhanced in order to facilitate the management of glucose levels among individuals with type 2 diabetes. However, excessive zinc intake may result in hyperactivity of β-cells and insulin production, potentially leading to insulin resistance through receptor exhaustion or prolonged zinc stimulation, which could have adverse effects on β-cells. Third, excessive zinc intake can also result in adverse effects, including altered copper and iron homeostasis, decreased concentrations of HDL cholesterol and serum lipoprotein, and impairment of liver function (61, 62). As previous studies have demonstrated that patients with type 2 diabetes have lower serum zinc concentrations and higher urinary zinc excretion compared to healthy controls (63, 64), this might be a protective mechanism aimed at eliminating surplus zinc to avert the onset of zinc-induced toxicity.

Very few studies have focused on relationship between serum zinc and TyG combined with age. In this study, the associations between serum zinc levels and TyG in participants aged ≥60 and <60 years were evaluated, adjusting for relevant variables. In Table 6, The results indicate a significant association between serum zinc and TyG in the ≥60 years group (β = 0.968, P = 0.007), but not in the <60 years group (β = 0.301, P = 0.215). However, the underlying mechanisms remain unclear. On the one hand, zinc plays a crucial role in immune function, and its deficiency is more prevalent in older adults, documented by a decline in serum or plasma zinc levels with age. Low zinc status is associated with a weakened immune system, but long-term and high-dose zinc supplementation may lead to some potential adverse effects, such as copper deficiency (65) and immunosuppressive, especially suppress T cell mediated events which will have a significant impact on the immunological outcome (66). This process may be associated with insulin resistance. On the other hand, in contrast to younger individuals, elderly patients experience a decline in physiological functions, making them more prone to various metabolic disorders (3). Abnormal bioelement levels can contribute to metabolic syndrome, especially in aging men. Zinc plays a crucial role in the function of beta cells within the islets of Langerhans. Animal studies indicate that low doses of zinc can protect against type 2 diabetes, whereas high concentrations can be toxic to these beta cells. This toxicity may lead to insulin resistance (34).

This study has several strengths. Firstly, the study encompasses a large, nationally representative sample of US adults. Secondly, the investigation modeled the associations between serum zinc and TyG while accounting for established and potential covariates. Thirdly, the study explored associations stratified by age groups of ≥60 and <60 years. Furthermore, a dose-response analysis was conducted to assess the relationship between serum zinc and TyG, as well as with age groups of ≥60 and <60 years.

Despite the strengths of the study, several limitations should be noted. First, this study was conducted with a US population, additional research is required to confirm whether our results can be generalized to other populations. Second, residual confounding effects could not be excluded. We constructed multivariable linear regression models and performed subgroup and sensitivity analyses to control for the effects of potential confounders on the relationship between serum zinc and TyG. Third, the study is in the lack of data on zinc intake in the population under investigation. High-quality, interventional and prospective studies are required to clarify the effects of zinc intake on TyG. Four, we recognize that nonrandom missing data could influence our findings due to baseline differences between included and excluded participants. To address this, we adopted a rigorous methodological approach. Following NHANES guidelines, we conducted a weighted analysis to account for survey design intricacies, including stratification and weighting, ensuring our results are representative of the broader U.S. population. Additionally, we performed model adjustments to enhance the reliability and robustness of our outcomes. Finally, because this was a cross-sectional observation study, the associations found in this study may not result in direct causality (67). Our study, a secondary analysis of publicly available data, explores the association between serum zinc and TyG index in adult Americans. While the evidence level from such secondary analyses is lower than that from primary studies, they effectively utilize existing data and can lay the groundwork for future research. Therefore, longitudinal studies are required to determine whether the observed relationship between the serum zinc and TyG is causal, as well as to explore the interactive effect of age on serum zinc and TyG. There may be a mechanistic association between age and TyG, which requires further investigation due to the biological distinctions it creates.



5 Conclusions

A J-shaped, non-linear positive correlation was observed between serum zinc levels and TyG, with an inflection point at ~1.94 μg/dL. Additionally, a statistically significant interaction was noted between serum zinc levels and TyG in individuals aged ≥60 years and those <60 years. In the age <60 years group, serum zinc exhibited a J-shaped non-linear association with TyG, while in the age ≥60 years group, the relationship followed an inverted-L shaped non-linear pattern. These outcomes suggest that there are potential adverse effects of high serum zinc levels on glucose metabolism by levels of TyG. Although this study offers valuable clinical insights, further prospective research is warranted to substantiate these findings, and to delve into the underlying mechanisms.
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Diabetes mellitus and dyslipidemia are significant health concerns that elevate the risk of cardiovascular disease and other metabolic disorders, necessitating effective management strategies. Recent research has highlighted the potential role of dietary fats, particularly seed oils, in influencing health outcomes in these conditions. This systematic review evaluates the impact of seed oils on lipid profiles, inflammatory and oxidative markers, and glycemic control in patients with diabetes and dyslipidemia. A comprehensive search across databases, including PubMed, Scopus, Web of Science, Cochrane Library, and Google Scholar, identified studies focusing on the effects of seed oils. The studies include randomized controlled, parallel-design, double-blind, placebo-controlled, and open-label studies published in English. The quality of the studies was assessed through a detailed review process, and data were extracted to evaluate the effects of seed oils on key metabolic markers. The review included 11 studies demonstrating that seed oils derived from canola, flaxseed, and sesame seeds can positively influence lipid profiles and glycemic control while potentially modulating oxidative stress markers. The findings suggest that seed oils may benefit in managing diabetes and dyslipidemia, although the results are sometimes inconsistent. This review provides valuable insights for dietary recommendations and therapeutic strategies, highlighting the need for further research to clarify the role of seed oils in metabolic health.
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1 Introduction

Diabetes mellitus and dyslipidemia are significant health concerns that contribute to an increased risk of cardiovascular disease and other metabolic disorders (1, 2). Both conditions require effective management strategies to mitigate their adverse effects on health (3, 4). In recent years, dietary interventions have emerged as a pivotal component of treatment plans for these conditions, focusing on the types of fats consumed (5–7). Seed oils have attracted considerable attention among various dietary fats due to their distinct fatty acid profiles and potential impact on health outcomes (8–10).

Seed oils, such as those derived from sunflower (11), safflower (12), and canola seeds (13), are commonly used in cooking and food preparation. They are often touted for their favorable fatty acid composition (14), including high levels of Polyunsaturated Fatty Acids (PUFAs) (15), which are believed to influence lipid profiles and other metabolic markers positively (16). However, the reports of the effects of these oils on lipid levels, inflammation, oxidative stress, and glycemic control in diabetic and dyslipidemic patients are complex and sometimes conflicting.

The detrimental effects of chronic inflammation and oxidative stress on health are well-documented (17, 18). Chronic inflammation has been linked to the progression of insulin resistance (19) and diabetes (20), contributing to the development of cardiovascular diseases and other serious complications (21, 22). Oxidative stress, resulting from an imbalance between reactive oxygen species and the body's ability to neutralize them, exacerbates inflammatory responses and damages cellular structures (23, 24), further impairing metabolic health and increasing disease risk (25). These processes play a crucial role in the pathophysiology of diabetes and dyslipidemia (26–29), underscoring the importance of dietary factors that can modulate these harmful effects (30, 31).

Despite the growing body of research on seed oils, there has yet to be a comprehensive systematic review that consolidates the evidence explicitly focusing on their impact on diabetic and dyslipidemic patients. Existing reviews often address broader dietary fat topics or focus on single health outcomes, lacking a focused analysis of seed oils across multiple metabolic markers. Additionally, there is a limited synthesis of how seed oils influence inflammatory and oxidative stress pathways in these conditions. Tian et al. (32) discussed the health-promoting effects of vegetable oils, highlighting their chemical compositions and pharmacological potential. However, their comprehensive analysis relied majorly on chemical compositions and nutritional values and did not evaluate the health benefits systematically and holistically. In other words, they did not focus on the analysis of the included studies but on the oil's characteristics, with prospecting results mainly based on their bioactive components. In addition, they did not solely focus on diabetes and dyslipidemia patients but on cancer and individuals suffering from cardiovascular disease. On the other hand, Schwingshackl et al. (33) published a systematic review focusing on the effects of oils and solid fats on blood lipids. Although their analysis was comprehensive, they did not focus solely on dyslipidemic patients and lacked comparisons on the effects of vegetable oils in patients suffering from diabetes and dyslipidemia together. In addition, they did not focus only on seed oils but also on solid fats. Finally, none of the studies mentioned above analyzed the effects of seed oils on inflammatory and oxidative markers during their interventions with diabetic and dyslipidemic patients. Since inflammation and oxidative stress are paramount components of diabetes and dyslipidemia pathophysiologies and related pathologies, our study is of utmost importance since we analyzed patients suffering from these two conditions and their respective markers.

To address the existing knowledge gap, this systematic review comprehensively evaluates clinical studies that assess the impact of seed oils on key health markers in patients with diabetes and dyslipidemia. By synthesizing data from diverse studies, this review aims to elucidate how seed oils influence various health parameters, including lipid profiles, inflammatory and oxidative markers, and glycemic control. The insights derived from this analysis are expected to inform dietary recommendations and therapeutic strategies, thereby contributing to improved management and outcomes for individuals affected by these common conditions. It also highlights the limitations of the included studies, such as variability in study designs, sample sizes, and methods of assessing health outcomes. By identifying these limitations, the review underscores the need for more robust, longitudinal, and methodologically sound research to clarify the relationship between seed oils and health markers. Addressing these research gaps will be crucial for developing more accurate and evidence-based dietary guidelines and therapeutic approaches.



2 Literature search methodology

In this section, we outline the systematic approach taken to identify and analyze relevant studies concerning the impact of seed oils on dyslipidemia and type 2 diabetes. The comprehensive search strategy was designed to ensure a thorough and unbiased review of the existing literature.


2.1 Databases searched

To identify relevant studies, a comprehensive search was conducted across the following electronic databases: PubMed, Scopus, Web of Science, Cochrane Library, and Google Scholar. These databases were chosen to ensure broad coverage and include peer-reviewed journals and gray literature.



2.2 Search strategy

The search strategy involved using specific keywords and their combinations to capture studies on seed oils' impact on dyslipidemia and type 2 diabetes. The primary keywords included “seed oils,” “dyslipidemia,” “hyperlipidemia,” “type 2 diabetes,” “lipid profiles,” “inflammatory markers,” “glycemic control,” and “clinical trials.” These keywords were combined using Boolean operators (AND, OR) to refine the search results. For instance, combinations like “seed oils AND dyslipidemia,” “seed oils AND type 2 diabetes,” and “seed oils AND lipid profiles” were used.



2.3 PRISMA guidelines

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) (34) guidelines were followed to ensure a systematic and transparent approach to the literature search and selection process. The PRISMA flow diagram was used to document the number of studies identified, screened, assessed for eligibility, and included in the review, along with reasons for exclusion at each stage.



2.4 Inclusion and exclusion criteria

Studies were included if they were randomized controlled trials, cohort studies, or case-control studies examining the effects of seed oils on lipid profiles, inflammatory markers, or glycemic control in patients with dyslipidemia or type 2 diabetes. Studies had to be published in English and involve human participants. Exclusion criteria included review articles, animal studies, studies unrelated to the specified seed oils, and studies without relevant outcome measures.



2.5 Quality assessment

The quality of the included studies was assessed through a comprehensive review process following the Cochrane Handbook for Systematic Reviews of Interventions (35). A detailed evaluation was conducted for randomized and non-randomized controlled trials to identify potential biases such as selection, performance, detection, attrition, and reporting. This involved carefully examining how participants were selected, how interventions were administered, and how outcomes were measured and reported. This assessment aimed to ensure that the studies appropriately selected participants, matched them to relevant variables and accurately reported outcomes. Two researchers (Lucas. F.L. and S.M.B.) independently reviewed each study to ensure a rigorous evaluation process. In cases where disagreements arose between the reviewers, these were resolved through discussion or consulting a third reviewer (R.D.) to achieve consensus. The selection bias involves evaluating studies with unclear or high selection bias for individual inclusions in each interventional or non-interventional group. Randomization and allocation methods are determined and discussed based on each study design to ensure the utmost accuracy of the included findings. Secondly, the performance and detection bias report involves studies lacking blinding, which might impact the studies' results based on their specific begins. Thirdly, attrition and reporting bias involve attrition rates or selective reporting of results in the included studies. Studies missing data or skewing results must be excluded. For a study to be included besides bias recognition, it must not have had critical bias reporting. This approach aimed to enhance the reliability and validity of the quality assessment studies included in the review.



2.6 Data extraction and synthesis

Two experienced researchers (Lucas. F.L. and S.M.B.) extracted data from the included studies. Following data collection, two additional researchers (Lívia. F.L. and R.D) verified the data's significance, reliability, and correctness. Relevant studies were screened based on titles and abstracts, followed by a full-text review. Data extracted included study design, sample size, participant characteristics, type and dosage of seed oil used, duration of intervention, and outcomes related to lipid profiles, inflammatory markers, and glycemic control. The extracted data were synthesized to evaluate the overall impact of seed oils on dyslipidemia and type 2 diabetes, highlighting the most significant findings and trends. The results were presented in a narrative format, supported by tables and figures where appropriate.

By employing this methodology, the review aims to provide a comprehensive understanding of the therapeutic potential of various seed oils in managing dyslipidemia and type 2 diabetes. This systematic approach ensures the reliability and validity of the findings, contributing valuable insights to the field of nutritional therapy.




3 Results of literature search methodology and overview of the included studies

This section outlines the results of our literature search methodology and provides an overview of the studies included in the review. It presents a comprehensive evaluation of the effects of seed oils on dyslipidemia and type 2 diabetes.


3.1 Literature search results

The initial search process produced a comprehensive dataset of 258 records from various databases and an additional 78 records from registries. Following this initial collection, duplicate records were identified and removed, totaling 85 duplicates. In addition to eliminating these duplicates, ineligible records flagged by automation tools (Rayyan online application) were also excluded, accounting for 92 records. Moreover, 84 records were excluded for other reasons unrelated to eligibility criteria, 70 still duplicate publications, and 14 studies of non-peer-reviewed sources). After applying these exclusions, 75 records remained for the screening phase. During the screening process, 56 records were excluded based on their content, which did not meet the criteria for inclusion in the review. Subsequently, 19 reports were selected for retrieval and thorough assessment. Each of these 19 reports was successfully retrieved. However, upon evaluation for eligibility, 8 of these reports were excluded: 4 were preclinical studies not relevant to the research question, two did not focus on seed oils as required, and two were in languages other than English, which were not feasible for inclusion. As a result of this assessment, 11 studies were deemed suitable and were included in the final review. No additional reports from the included studies were missing from the final assessment process. The PRISMA (Figure 1) flow diagram illustrates the study selection process, including the reasons for exclusion at each stage. All studies underwent a rigorous quality assessment using the COCHRANE handbook for intervention evaluations. This assessment evaluated selection, performance, detection, attrition, and reporting bias. It is worth noting that, following our quality assessment, no studies were excluded for bias reporting, meaning that all included studies achieved minimum quality standards set out in our inclusion criteria.


[image: PRISMA flow diagram illustrating study selection for a review, showing records identified, removed, screened, assessed for eligibility with reasons for exclusions, and concluding with eleven studies included in the final review.]
FIGURE 1
 Process flow for record selection and inclusion in the review following PRISMA.




3.2 Overview of the included studies

Table 1 provides a comprehensive overview of clinical studies evaluating the impact of various oil supplements on glycaemic control, lipid profiles, and inflammatory and oxidative markers. The table summarizes key aspects of each study, including population characteristics, intervention details, comparisons, primary outcome measures, and notable results. Table 2 provides the COCHRANE assessment for the included interventions. Selection, performance, detection, attrition, and reporting biases were reported using “critical,” “serious,” “moderate,” or “low” bias risk stamps.


TABLE 1 Summary of clinical studies on oil supplementation and its effects on glycemic control, lipid profiles, and inflammatory and oxidative markers.

[image: Table summarizes clinical studies on dietary and supplement interventions for patients with diabetes or metabolic syndrome, reporting population, intervention, comparison group, outcome measures, and effects on glycemic control, lipid profiles, inflammatory markers, and oxidative stress markers. Blood glucose and HbA1c improve in several interventions, some reduce LDL cholesterol or triglycerides, and oxidative stress markers decrease in select studies. Inflammatory marker data are often not reported.]


TABLE 2 Reporting of bias assessment based on selection, performance, detection, attrition, and reporting bias following the COCHRANE handbook for interventions assessment.

[image: Table presents risk of bias assessment across seven domains (D1-D7) for eleven studies, using four levels: critical, serious, moderate, and low risk, with the majority showing “low” or “moderate” biases overall.]

The publication date range from the included studies is from 2010 to 2023. Regarding country examination, Iran possesses most of the included studies (n = 6), followed by China (n = 2), Pakistan (n = 1), Canada (n = 1), and India (n = 1). The most common seed oils utilized were canola oil, studied by Nikooyeh et al. (36) and Jenkins et al. (37), sesame oil, studied by Aslam et al. (38), Haldar et al. (39), Alipoor et al. (40), and Sankar et al. (41), perilla oil studied by Khajebishak et al. (42), Wei et al. (43), and Asghari et al. (44), Flaxseed Oil (FO) studied by Haldar et al. (39), rice bran oil studied by Haldar et al. (39), and Sunflower Oil (SO) studied by Nikooyeh et al. (36). The studies collectively explore how various oils and dietary modifications affect health outcomes such as glycemic control, lipid profiles, and oxidative stress markers. In this overview, we have grouped the results by outcomes following PRISMA guidelines recommendations.

The studies included in this research were conducted across various countries, each focusing on different health conditions and populations. Nikooyeh et al. (36) investigated 92 adults with type 2 diabetes from Iran. Haldar et al. (39) examined 143 borderline hypercholesterolemic Chinese volunteers. Aslam et al. (38) focused on 46 adults with type 2 diabetes from Pakistan. Khajebishak et al. (42) studied 60 obese type 2 diabetic patients in Iran. Akrami et al. (45) looked at 60 adults with Metabolic Syndrome (MetSyn), also from Iran. Jenkins et al. (37) conducted their trial with 141 adults with type 2 diabetes in Canada. Wei et al. (43) included 36 individuals with elevated blood lipids from China. Alipoor et al. (40) researched 38 hyperlipidemic patients from Iran. Asghari et al. (44) studied 51 individuals with specific lipid profiles from Iran. Sankar et al. (41) worked with 60 type 2 diabetes patients in India, and Mirmiran et al. (46) examined 51 hyperlipidemic subjects from Iran.

The participants' ages varied significantly in the studies. Nikooyeh et al. (36) included adults aged 20–65, while Haldar et al. (36) focused on individuals aged 50–70. Aslam et al. (38) studied adults between 18 and 60 years old. Khajebishak et al. (42) investigated patients aged 30–50 years. Akrami et al. (45) included adults aged 30–60 years. Jenkins et al. (37) worked with adults, although their age range was not detailed. Wei et al. (43) examined individuals from 18 to 75 years old. Alipoor et al. (40) studied participants aged 50–70 years. Asghari et al. (44) involved adults aged 20 years and older. Sankar et al. (41) had a mean participant age of 57–58 years, and Mirmiran et al. (46) included subjects over 20 years old.


3.2.1 Glycemic and lipid profile controls

Nikooyeh et al. (36) found that γ-Oryzanol (ORZ)-fortified canola oil significantly improved fasting blood glucose and triglycerides. Haldar et al. (39) observed notable cholesterol and blood glucose reductions with a blend of rice bran, flaxseed, and sesame oils. Aslam et al. (38) reported that white sesame seed oil improved glycemic control, while Khajebishak et al. (42) found that Pomegranate Seed Oil (PSO) enhanced Glucose Transporter Type 4 (GLUT-4) gene expression and reduced fasting blood glucose. Akrami et al. (45) demonstrated reduced cholesterol and triglycerides with FO. Wei et al. (43) highlighted significant improvements in lipid profiles with perilla oil combined with exercise. Jenkins et al. (37) showed that a low-Glycemic Load (GL) diet with canola oil led to more significant reductions in Glycated Hemoglobin (HbA1c) and improvements in lipid profiles compared to a whole-grain diet. Alipoor et al. (40) found that white sesame seeds and dietary modifications significantly reduced total cholesterol and Low-Density Lipoprotein Cholesterol (LDL-C). Asghari et al. (44) observed reductions in triglycerides and the triglyceride/High-Density Lipoprotein Cholesterol (HDL-C) ratio with PSO. Sankar et al. (41) noted that combining sesame oil and glibenclamide substantially improved glycemic control and lipid profiles. Mirmiran et al. (46) reported that PSO reduced triglycerides and improved HDL-C levels.



3.2.2 Inflammatory and oxidative markers

Aslam et al. (38) reported that sesame seed oil improves the body's antioxidant activity, while Wei et al. (43) highlighted significant improvements in inflammatory markers with perilla oil combined with exercise. Asghari et al. (44) observed insignificant reductions in inflammatory markers with PSO. Sankar et al. (41) noted that combining sesame oil and glibenclamide substantially improved the body's antioxidant activity.





4 Comparative efficacy of dietary oils and supplementation in managing glycaemic control, lipid profiles, inflammatory, and oxidative markers: insights from recent clinical trials

Nikooyeh et al. (36) examined the effects of ORZ-fortified canola oil, unfortified canola oil, and SO on various cardiometabolic markers. The ORZ-fortified canola oil group experienced significant reductions in fasting blood glucose, HbA1c, and triglycerides compared to the other oils, highlighting its potential for improving glycaemic control in type 2 diabetes. The positive impact on triglycerides also suggests potential benefits for lipid management and cardiovascular risk reduction. This study is notable for its focus on ORZ and its potential benefits beyond traditional oils. The 12-week intervention period, while longer than some studies, may still be insufficient to evaluate long-term benefits or potential side effects. Finally, although a decrease in triglycerides was observed in all groups, this was not significant for unfortified canola oil.

Haldar et al. (39) assessed the effects of a blend of rice bran, flaxseed, and sesame oils compared to refined olive oil on various cardiometabolic markers in borderline hypercholesterolemic individuals. The study reported significant reductions in total cholesterol, LDL-C, triglycerides, and cardiovascular risk ratios and improved blood pressure and blood glucose. However, there was a small but significant increase in body weight, and no significant effects were observed on HDL-C or Apolipoprotein A1 (apoA1) concentrations. The strengths of this study include its parallel design, which allows for a direct comparison between oil blends and a control oil. The reductions in key cardiovascular risk factors and blood pressure underscore the potential benefits of the oil blends. Nonetheless, the study's limitations include a modest increase in body weight, which could affect the overall interpretation of the results. Additionally, the lack of significant changes in HDL-C highlights the need for further research to determine the full impact of these oils on cardiovascular health. A significant limitation of Haldar et al.'s study is that they treated patients with fiber, seed oils, and olive oil. Therefore, it remains unclear whether the observed effects were mainly attributed to the impact of oil or fiber.

Aslam et al. (38) explored the effects of white sesame seed oil compared to soybean oil on glycaemic control and inflammatory and oxidative markers in adults with type 2 diabetes. The study found that sesame seed oil significantly improved glycaemic control, with reductions in blood glucose levels and HbA1c, alongside increases in insulin levels. This suggests that sesame seed oil could benefit diabetes management strategies, potentially offering a natural alternative to conventional therapies. The study also demonstrated that sesame seed oil substantially improved oxidative stress markers. Specifically, Thiobarbituric Acid Reactive Substances (TBARS) levels, a marker of lipid peroxidation, decreased significantly in the sesame oil group, indicating reduced oxidative damage. Additionally, antioxidant enzymes such as Superoxide Dismutase (SOD), Catalase (CAT), and Glutathione Peroxidase (GPx) were elevated in the sesame oil group, reflecting enhanced antioxidant activity. These findings support the potential of sesame seed oil in mitigating oxidative stress, which is a critical factor in the progression of diabetes-related complications. However, there are limitations to consider. The study's open-label design could introduce bias, as participants and researchers were aware of the treatment allocations. This may have influenced the participants' behavior or the researchers' observations.

Khajebishak et al. (42) investigated the impact of PSO supplementation on glycaemic control and gene expression related to glucose metabolism in obese type 2 diabetic patients. The study was a randomized, double-blind clinical trial involving 60 participants randomly assigned to receive either 1 g/day of PSO or placebo capsules for 8 weeks. The results indicated that PSO supplementation led to a significant improvement in fasting blood glucose levels, with a decrease from 161.46 to 143.50 mg/dL and an increase in GLUT-4 gene expression, which is crucial for glucose uptake in cells. The study also observed a slight but non-significant reduction in HbA1c in the PSO group, suggesting potential benefits in long-term glycaemic control. In addition, the PSO group showed a significant improvement in the Quantitative Insulin Sensitivity Check Index (QUICKI), an index of insulin sensitivity, which implies enhanced insulin action. However, there were no significant changes in insulin levels, Homeostatic Model Assessment of Insulin Resistance (HOMA-IR), or HOMA-β between the PSO and placebo groups, indicating that while PSO might improve some aspects of glycaemic control and insulin sensitivity, it does not impact all metabolic parameters uniformly. One of the key strengths of this study is its double-blind design, which minimizes bias and increases the reliability of the results. The significant increase in GLUT-4 gene expression and improvement in QUICKI highlights the potential of PSO as an adjunctive therapy for managing type 2 diabetes, particularly in improving glucose uptake and insulin sensitivity. The study also found no significant changes in insulin levels or HOMA-IR, which suggests that while PSO has some positive effects, its impact on overall insulin resistance and secretion might be limited.

Akrami et al. (45) compared the effects of FO and SO on MetSyn symptoms in individuals with MetSyn. The study found that both oils reduced total cholesterol, LDL-C, and triglycerides. Notably, FO was associated with a significant decrease in Malondialdehyde (MDA), an oxidative stress marker, whereas SO showed no substantial changes in MDA. Both oils effectively improved lipid profiles, but there were no significant differences in fasting blood sugar levels. The findings highlight the potential of both FO and SO in managing lipid levels and reducing oxidative stress. The study's findings underscore the value of dietary oils in managing lipid levels and hypertension. However, the two groups' lack of significant differences in fasting blood sugar levels limits the conclusions about their impact on glycaemic control. Furthermore, the study did not assess the impact on inflammatory and oxidative markers, which could have provided additional insights into the broader health implications of the oils.

Jenkins et al. (37) investigated the impact of a low-GL diet supplemented with canola oil on glycaemic control and lipid profiles in adults with type 2 diabetes. Their study found that the low-GL diet led to significant reductions in HbA1c and improved lipid profiles compared to a whole-grain diet, suggesting that dietary modifications focused on glycaemic load can effectively manage blood glucose levels. Including canola oil in the low-GL diet also positively influences lipid profiles, potentially lowering cardiovascular risk. One of the study's strengths is its clear focus on dietary modification strategies and their impact on multiple health parameters. Additionally, the study did not explore the effects of the diet on inflammatory and oxidative markers, which could provide a more comprehensive view of its health impacts.

Wei et al. (43) conducted a prospective, randomized control trial to examine the combined effects of perilla oil supplementation and exercise on lipid profiles and inflammatory markers in adults with elevated blood lipids. The study involved 36 participants who were divided into three groups: Exercise only (EG), perilla oil only (MG), and a combination of both (EMG). The results showed significant reductions in total cholesterol, triglycerides, and LDL-C in the EMG group compared to the EG and MG groups. Additionally, HDL-C levels increased significantly in both the MG and EMG groups. Notably, the EMG group also experienced significant reductions in inflammatory markers such as high-sensitivity C-Reactive Protein (hs-CRP), Plasminogen Activator Inhibitor-1 (PAI-1), and Tumor Necrosis Factor-alpha (TNF-α) compared to the other groups. The combination of perilla oil and exercise offers enhanced benefits over either intervention alone, particularly in improving lipid profiles and reducing inflammation. The strength of this study lies in its comprehensive approach, combining both dietary and physical activity interventions, which are crucial for managing hyperlipidemia. The study did not assess potential interactions between the exercise regimen and perilla oil supplementation, which could provide further insights into their combined effects.

Alipoor et al. (40) investigated the impact of white sesame seed consumption on lipid profiles and antioxidant markers in hyperlipidemic patients. The study involved 38 randomized participants who received either white sesame seeds (40 g/day) or a control diet for 60 days. The results demonstrated a significant decrease in total cholesterol, LDL-C, and the total cholesterol to HDL-C ratio in the sesame seed group. Additionally, there were improvements in antioxidant markers, with decreased levels of TBARS and increased GPx and SOD activities. The findings suggest that sesame seeds have a beneficial effect on both lipid profiles and oxidative stress. The study's strengths include its clear focus on dietary intervention and its use of both lipid and antioxidant markers. Additionally, the study did not explore potential changes in inflammatory markers, which could offer a more comprehensive view of the health benefits of sesame seeds.

Asghari et al. (44) examined the effects of PSO supplementation on serum triglycerides, HDL-C, and inflammatory markers in adults with elevated cholesterol. The study found that PSO supplementation (800 mg/day for 4 weeks) reduced serum triglycerides and the triglyceride to HDL-C ratio, increasing HDL-C. Despite these positive changes, there were no significant alterations in TNF-α levels, an inflammatory marker. The study's strength lies in its double-blind, placebo-controlled design, which enhances the reliability of the findings. The significant improvements in triglyceride levels and HDL-C suggest that PSO may be effective in managing dyslipidemia. However, the lack of impact on TNF-α levels suggests that while PSO can improve lipid profiles, its effects on inflammation may be limited.

Sankar et al. (41) evaluated the effectiveness of sesame oil alone, glibenclamide alone, and their combination in patients with type 2 diabetes. The combination therapy showed superior improvements in glycaemic control and lipid profiles compared to either treatment alone, indicating that combining therapies can enhance treatment outcomes. The study also observed improvements in antioxidant activity with sesame oil and its combination with glibenclamide, suggesting added benefits in managing oxidative stress. While the study highlights the potential synergistic effects of combining sesame oil with glibenclamide, the open-label design introduces potential bias, as both participants and researchers were aware of the treatment assignments. Despite these limitations, the study provides valuable insights into the potential for combination therapies to improve glycaemic control and antioxidant status, which are crucial for managing diabetes effectively. The focus on oxidative stress adds another layer of understanding to the benefits of sesame oil. However, the study did not address inflammatory markers, which could further elucidate the full spectrum of health benefits.

Mirmiran et al. (46) explored the impact of PSO on lipid profiles and body composition in hyperlipidemic individuals. The study found that PSO supplementation (400 mg twice daily for 4 weeks) reduced triglycerides and improved HDL-C. However, there were no significant changes in serum cholesterol, LDL-C, glucose concentrations, or body composition. The study highlights the potential of PSO to improve triglyceride levels and HDL-C, but its effects on other lipid parameters and metabolic health were not significant. The double-blind design and focus on specific lipid markers add robustness to the findings.

Figure 2 provides a visual summary of the potential effects of seed oils on key health parameters. The figure illustrates how seed oils may influence diabetes mellitus, dyslipidemia, chronic inflammation, and oxidative stress. Each circle highlights specific actions and outcomes associated with seed oils in these contexts, offering a comprehensive overview of their impact on metabolic and inflammatory pathways. This visual representation aims to clarify the relationships between seed oils and various health markers, setting the stage for a detailed analysis in the subsequent sections.


[image: Venn diagram illustrating how diabetes and dyslipidemia overlap to increase cardiovascular disease risk. Dietary interventions using seed oils like sunflower, safflower, and canola may influence health by affecting glycemic control, lipid profiles, inflammatory markers, oxidative stress, and antioxidant defense.]
FIGURE 2
 Impact of seed oils on diabetes, dyslipidemia, inflammation, and oxidative stress. Reproduced from Servier Medical Art, licensed under CC BY 4.0.




5 Conclusions, limitations, and future research endeavors

This systematic review consolidates evidence from various studies examining the impact of seed oils on glycemic control, lipid profiles, and markers of inflammation and oxidative stress. The findings from these studies highlight the potential therapeutic benefits of different seed oils in managing metabolic disorders, particularly type 2 diabetes and related conditions. PSO has demonstrated potential in improving glycemic control, significantly reducing fasting blood glucose levels, and enhancing GLUT-4 gene expression. However, its impact on other metabolic parameters, such as insulin levels and HOMA-IR, was limited, indicating that while PSO may offer some benefits, it may not uniformly affect all aspects of metabolic health. Sesame seed oil has shown promise in improving glycemic control and reducing oxidative stress, as evidenced by significant decreases in oxidative stress markers and increases in antioxidant enzyme activity. This suggests that sesame seed oil could be valuable to diabetes management strategies. Additionally, studies on flaxseed and sunflower seed oils reveal their positive effects on lipid profiles, with FO particularly notable for reducing oxidative stress markers. The review also underscores the benefits of combining dietary interventions with physical activity, as shown by the study on perilla oil. This integrated approach resulted in improved lipid profiles and reduced inflammatory markers, highlighting the importance of comprehensive lifestyle modifications in managing metabolic conditions.

Nutrigenomics emerges from studying food and dietary components' impacts on gene expression concerning genetic variants and other nutritional factors. It focuses on the interaction between nutrients and functional foods with the genome at the molecular level, allowing insights into the role of specific food compounds or dietary constituents that may influence human health (47). In this scenario, future research into seed oils and their effects on metabolic health should explore genetic studies, as they could reveal how individual genetic variations affect responses to seed oil supplementation since genetic variances may influence the individual response to dietary intakes and supplements (48). By identifying genetic markers associated with varied responses, researchers can develop personalized treatment strategies that optimize the benefits of seed oils based on individual genetic profiles, thereby permitting the practical and objective translation from conventional dietary guidelines to genome-guided nutrition, as evidenced by Lagoumintzis and Patrinos (49). This approach could lead to more targeted and effective interventions, improving outcomes for people with different genetic backgrounds, which is a crucial step in developing alternative and more cost-effective treatment strategies to diabetes and dyslipidemia, as evidenced by recent vital publications (50, 51). Immunological assays represent another essential research direction. These studies can provide detailed insights into how seed oils influence immune system dynamics by assessing changes in immune cell profiles, cytokine levels, and other markers of immune function. As evidenced by Yamasaki et al. (52), dietary interventions with oils derived from pomegranate seeds modulate the immune system and affect the lipid profiles of the treated mice by modulating inflammation derived from immune interactions and adipose tissue dysfunction. Understanding how seed oils modulate inflammation and oxidative stress at the cellular level could uncover new mechanisms of action, potentially identifying novel therapeutic targets and enhancing strategies for managing chronic inflammatory conditions. Diabetes is an inflammatory disease (53), and dyslipidemia strictly correlates with dietary inflammatory indexes (54). Ribonucleic Acid (RNA)-based therapies also offer significant potential for advancing seed oil research. Exploring small interfering RNAs (siRNAs) or messenger RNA (mRNA) therapies to target specific metabolic pathways influenced by seed oils could enhance their therapeutic efficacy since seed oils have already been identified as epigenetic modulators in many diseases (55), including diabetes (56). Such approaches allow for precise modulation of gene expression related to metabolic health, potentially amplifying the beneficial effects of seed oils and mitigating any adverse outcomes. This innovative line of research could lead to more effective treatments that leverage the molecular impacts of seed oils.

Many of the included studies addressed oils against diabetes and dyslipidemia ranging from milligrams to grams treatment options, which limits the understanding of the findings and the generability to the broader population. Because of this, long-term and dose-response studies are essential to fully understanding the sustainability and optimal use of seed oils. Research beyond typical short-term intervention periods is needed to assess seed oil supplementation's long-term benefits and potential risks. Additionally, investigating different dosages will help determine the most effective and safe levels of seed oil intake for various health outcomes. This comprehensive approach will provide valuable insights for clinical practice and public health recommendations. Expanding research to include more diverse and broader populations is also critical. Future studies should involve individuals with various health conditions beyond type 2 diabetes, such as cardiovascular diseases, MetSyn, and obesity. This will improve the generalizability of findings and help identify which groups might benefit most from seed oil interventions. Furthermore, examining the effects of seed oils across different demographic groups—including varying ages, ethnic backgrounds, and lifestyle factors—will ensure that recommendations are relevant and applicable to a broader audience. In summary, pursuing these research directions will deepen our understanding of seed oils' therapeutic potential, enable more personalized treatment strategies, and enhance the applicability of findings across diverse populations and health conditions.

Several limitations were identified in the reviewed studies. Many had relatively short intervention periods, which may not capture the full range of benefits or potential adverse effects of seed oil supplementation. Larger sample sizes were often lacking, which could affect the statistical power and generalizability of the results. Some studies had open-label designs or lacked control for potential biases, which could impact the reliability of the outcomes. Additionally, not all studies assessed a comprehensive range of biomarkers, and many focused on specific populations, limiting the applicability of the findings to the general population. Finally, the included studies varied in dosage and intervention periods, which could impact the comparability and generalizability of the results, making it difficult to draw definitive conclusions. Most included studies did not evaluate the utilized interventions' nutritional composition and chemical profiles. If they had done so, it would have undoubtedly enhanced the strength of the data since most of the included oils might possess similar bioactive compounds and nutritional values. Addressing these limitations through longer, more rigorously designed studies with diverse populations and comprehensive biomarker assessments will be crucial for further elucidating seed oil supplementation's health benefits and potential drawbacks.
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Backgrounds: An inflammatory diet is pivotal in metabolic dysfunction-associated steatotic liver disease (MASLD) development. However, it remains unclear whether Dietary Inflammatory Index (DII), which serves as a reliable indicator to assess pro-inflammatory diet, have associative effects on mortality outcomes of MASLD.
Methods: Participants in the National Health and Nutrition Examination Survey (NHANES) database from 1999 to 2018 years were included. Kaplan–Meier (KM) curves were used to estimate survival probabilities, while Cox regression analysis and restricted cubic splines (RCS) were employed to assess the association between DII and mortality outcomes. The concordance index (C-index) evaluated the accuracy of multivariate-adjusted DII for mortality among MASLD participants.
Results: The cohort consisted of 4,510 men and 4,323 women with a median age of 52 years. Multivariate-adjusted Cox regression analysis revealed that high levels of DII were significantly associated with the all-cause mortality of participants with MASLD (multivariable-adjusted hazard ratio (aHR) = 1.28, 95% confidence interval (CI) 1.10–1.49, p = 0.002, DII aHR for cardiovascular mortality = 1.28, 95% CI 1.07–1.53, p = 0.006). The C-index for the multivariate model, integrating DII and other clinical variables, was 0.837 for all-cause mortality and 0.860 for cardiovascular mortality. RCS analysis showed a positive linear relationship between DII and all-cause mortality rate (p for nonlinearity = 0.057), with no significant nonlinearity for cardiovascular mortality (p = 0.953). Subgroup analyses indicated stronger associations in participants <65 years, married, with a college education, non-smokers, non-drinkers, and those without hypertension.
Conclusion: Elevated DII levels are linked to higher mortality in adults with MASLD, underscoring the index’s utility in predicting mortality risks. These findings shows that dietary interventions targeted inflammation may be helpful in this population.
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1 Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD), previously termed non-alcoholic fatty liver disease (NAFLD), was officially renamed in June 2023 (1). The prevalence of MASLD is rising rapidly, affecting 32.4% of the population in 2022, making it one of the most common chronic liver diseases (2, 3). MASLD is characterized by the accumulation of fat in hepatocytes, excluding the impact of viruses, alcohol, and autoimmune factors (4). It affects over one-third of the global population and is associated with significant morbidity and mortality due to its progression to metabolic dysfunction-associated steatohepatitis (MASH), cirrhosis, and hepatocellular carcinoma. Beyond liver-specific outcomes, MASLD contributes to systemic metabolic dysfunction, increasing the risk of cardiovascular disease and all-cause mortality (5).

Cardiovascular complications and systemic metabolic dysfunction are the primary causes of mortality in individuals with MASLD (6). Given the strong links between diet, inflammation, and metabolic dysfunction—key drivers of MASLD progression—dietary management is a cornerstone of nonpharmacological strategies for MASLD. Dietary patterns with low inflammatory potential may help mitigate disease progression and improve health outcomes. Additionally, bioactive compounds, such as polyphenols and omega-3 fatty acids, have demonstrated anti-inflammatory properties that may support liver health in MASLD populations (7, 8). However, despite the potential benefits of specific dietary components, the overall inflammatory potential of the diet and its impact on MASLD-related health outcomes remain insufficiently explored.

To address this, the Dietary Inflammatory Index (DII) has been widely applied as a tool to quantify dietary inflammatory potential, providing a standardized assessment of the inflammatory impact of an individual’s diet. Developed by Shivappa et al. in 2014 (9), the DII quantifies the effects of dietary components on inflammatory markers such as IL-1β, IL-6, TNF-α, and C-reactive protein, assigning each food parameter a score based on its pro-inflammatory or anti-inflammatory properties. Higher DII scores denote a diet with greater inflammatory potential, whereas lower scores reflect anti-inflammatory effects.

Studies in populations with obesity and aging have linked higher DII scores to increased mortality, highlighting the impact of dietary inflammation in metabolically compromised populations. For example, in a prospective cohort study involving 3,521 adults within the normal-weight BMI range, a pro-inflammatory diet, as indicated by high DII scores, was associated with an increased risk of cardiovascular disease (CVD) mortality among those with central obesity (10). Another study utilizing data from the National Health and Nutrition Examination Survey (NHANES) found that lower DII scores were linked to a decreased risk of all-cause mortality in aging populations (11). Moreover, MASLD is a systemic metabolic disorder that significantly increases the risk of cardiovascular disease-related mortality and various malignancies (12, 13). Unlike general obesity or aging populations, individuals with MASLD exhibit distinct inflammatory profiles driven by hepatic steatosis, insulin resistance, and metabolic dysregulation. Given the chronic inflammatory state of MASLD, the DII not only assesses dietary inflammation but also reflects how pro-inflammatory diets may exacerbate existing inflammation and accelerate disease progression. A high DII diet can increase pro-inflammatory cytokines (IL-6, TNF-α), oxidative stress, and gut dysbiosis, further aggravating hepatic inflammation and metabolic dysfunction. Thus, DII serves as a key marker for both dietary inflammation and its role in MASLD progression.

Given the significant burden of MASLD and its progression to more severe liver diseases and associated comorbidities, it is critical to investigate how dietary inflammatory potential, as measured by DII, impacts all-cause and cardiovascular mortality in this population. The present study employed data from the NHANES from 1998 to 2018. The primary objective was to examine the association between DII and all-cause and CVD mortality in United States adults diagnosed with MASLD. By analyzing this relationship, we hope to provide insights that could inform dietary recommendations and interventions aimed at reducing inflammation and improving long-term health outcomes in this population.



2 Materials and methods


2.1 Data source

Data for this study were derived from the NHANES database between 1999 and 2018. NHANES is a program of studies designed to assess the health and nutritional status of adults and children in the United States, conducted by the National Center for Health Statistics (NCHS) as part of the Centers for Disease Control and Prevention (CDC). NHANES employs a stratified, multistage probability sampling design to produce a sample that is representative of the noninstitutionalized U.S. population (14). To ensure high data quality, NHANES uses rigorous standardized protocols in data collection, including thorough training for interviewers and examiners, regular calibration of measurement equipment, and standardized data collection environments. Extensive quality control procedures, such as double-checking entries and cross-referencing data, are applied throughout the process to maintain accuracy and validity. Furthermore, NHANES data is continually reviewed and updated to reflect changes in population demographics and health trends, making it a widely trusted resource for epidemiological research. Specific description of the NHANES database can be found on the website.1



2.2 Participants selection

To evaluate the association between the DII and all-cause and cardiovascular mortality of adults with MASLD, only participants with the diagnosis of MASLD were included. Therefore, during the 10 cycles of interviews (1999 to 2018), 101,316 participants were reviewed. After excluding the participants aged below 18 years old, there were 59,204 participants left. Additionally, participants with missing data on DII, body measurements, and metabolic dysfunction-associated factors were excluded. Then, participants presenting clinical features of FLI < 60, with other causes of SLD, a history of moderate to heavy alcohol intake, lacking cardiometabolic risk factors, or lost to follow-up were further excluded. Finally, there were 8,833 participants with MASLD were included in this study (Figure 1).

[image: Infographic summarizes a study on the association of dietary inflammatory index with all-cause and cardiovascular mortality in U.S. adults with metabolic dysfunction-associated steatotic liver disease. Panels define MASLD using food, glucose, lipid, liver, BMI, and blood pressure images, show participant selection from NHANES data, provide cohort profile statistics, mortality outcomes, and highlight the study's key question regarding DII index and MASLD mortality outcomes.]

FIGURE 1
 Scheme of the aim of the study and participants selection process. We aim to evaluate the association between varied DII with the mortality outcomes of adults with MASLD. MASLD, metabolic dysfunction-associated steatotic liver disease; DII, diet infammatory index; BMI, body mass index; HDL, high-density lipoprotein; TG, triglyceride. Other protential causes of SLD: viral hepatitis, autoimmune liver disease, genetic liver diseases, drug- or medication-induced liver disease, and alcohol-related liver disease.


Participants with missing data for critical variables, such as FLI, DII, and key metabolic dysfunction-associated factors, were excluded. However, minor missingness in covariates used in the regression models was addressed using multiple imputation, as described in Section 2.5.



2.3 Assessment of MASLD

Direct ultrasonographic assessments of hepatic steatosis were missing in most of the interview cycles. Thus, hepatic steatosis was determined by using the fatty liver index (FLI), which was a reliable tool to evaluate steatotic liver disease (SLD), with high sensitivity and specificity (15, 16). The equation is listed below (17):
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TG refers to triglyceride, GGT refers to gamma-glutamyl transferse, BMI refers to body mass index, and WC refers to waist circumference (15, 17). Based on prior research, participants with an FLI below 60 were deemed unlikely to have hepatic steatosis, whereas those with an FLI of 60 or higher were considered likely to have the condition. Therefore, participants with FLI ≥ 60 were diagnosed with SLD (18).

To meet the diagnostic criteria for MASLD, participants with viral hepatitis, autoimmune liver disease, genetic liver disorders, drug- or medication-induced liver disease, alcohol-related liver disease, as well as individuals whose daily alcohol intake met or exceeded 30 g/day for men and 20 g/day for women, were excluded. Consequently, MASLD was defined as SLD with a combination of the presence of at least one cardiometabolic risk factor (19):

	(1) BMI ≥ 25 kg/m2 or WC ≥ 94 cm for males and ≥ 80 cm for females;
	(2) FBG ≥ 100 mg/dL or 2-h post-load glucose levels ≥140 mg/dL or hemoglobin A1c ≥ 5.7% or diabetes mellitus (DM) or undergoing hypoglycemic therapy for DM;
	(3) Blood pressure ≥ 130/85 mmHg or undergoing antihypertensive drug treatment;
	(4) Fasting plasma triglycerides ≥150 mg/dL or undergoing lipid-lowering treatment;
	(5) Plasma HDL-cholesterol <40 mg/dL for males and < 50 mg/dL for females or undergoing lipid-lowering treatment.



2.4 DII measurements

The DII is a scoring index developed to quantify the overall inflammatory potential of an individual’s diet. This index was created by Shivappa et al., who conducted an extensive review of the literature to determine the impact of various foods and dietary constituents on six inflammatory markers: IL-1β, IL-4, IL-6, IL-10, TNF-α, and CRP. The DII assigns pro-inflammatory and anti-inflammatory scores to each food parameter based on the findings of these studies. These scores are then weighted to obtain an overall inflammatory effect score for each specific food parameter.

A lower DII score indicates a diet with a greater capacity to reduce inflammation, whereas a higher DII score suggests a diet with a greater capacity to promote inflammation. In this study, the DII was computed using data from the NHANES database, specifically from 24-h dietary recall (24HDR) data, which were collected during the health examination phase.

A total of 27 nutrients were utilized in the computation of the DII score, including alcohol, vitamins B12/B6, β-carotene, caffeine, carbohydrates, cholesterol, total fat, fiber, folate, iron, magnesium, zinc, selenium, monounsaturated fat acid (MUFA), niacin, n-3 fatty acids, n-6 fatty acids, protein, polyunsaturated fatty acid (PUFA), riboflavin, saturated fat, thiamin, and vitamins A/C/D/E.

Although the DII can evaluate the inflammatory effects of up to 45 food components, prior studies have demonstrated that using fewer than 30 food components does not significantly affect the DII’s evaluative ability (20). In this study, the NHANES data allowed for the use of 27 food parameters to calculate the DII, ensuring a comprehensive assessment of the dietary inflammatory potential.



2.5 Clinical characteristics and covariates

We collected the demographic characteristics of participants with MASLD from the NHANES database.

Sociodemographic characteristics, including gender (male or female), age, race/ethnicity (Hispanic, non-Hispanic White, non-Hispanic Black, or other races), marital status (not married, married), education level (≤ high school, college, or > college), and poverty income ratio (PIR: < 1.3, 1.3–3.5, > 3.5), were obtained during the household interview phase. PIR was defined as the ratio of family income to the federal poverty threshold, adjusted for family size.

Physical and laboratory data collected during the health examination phase included measurements of waist circumference (WC), height, BMI, triglycerides (TG), total cholesterol (TC), glutamic-pyruvic transaminase (ALT), and high-density lipoprotein (HDL).

Hypertension status was defined using a combination of self-reported physician diagnoses (household interview phase), antihypertensive medication use, and blood pressure measurements taken during the health examination phase (systolic blood pressure ≥ 130 mmHg or diastolic blood pressure ≥ 85 mmHg).



2.6 Outcome measurements

The main outcome of this study was the all-cause mortality of participants with MASLD. The secondary outcome was the cardiovascular mortality of the participants with MASLD. The ICD-10 (International Statistical Classification of Diseases, 10th revision) was used to check the causes of mortality. The mortality of the follow-up population were obtained from the NHANES public-use linked mortality file as of December 31, 2019, which was correlated with the National Death Index (NDI) through a probability matching algorithm. The period of follow-up was calculated from the date when the interview was initially taken to either the date of the patient’s death or December 31, 2019 (21).



2.7 Statistical analysis

According to the analytic guideline of the NHANES database2 (accessed on 17 June 2024), NHANES’ person-level sample weights were applied to adjust for the multistage sampling design, which includes stratification and clustering. These adjustments ensure that the results are representative of the U.S. adult population with MASLD and provide accurate variance estimates.

To address missingness in secondary covariates, multiple imputation by chained equations (MICE) was employed. Five imputed datasets were generated, incorporating all variables used in the regression models. Missingness for covariates, such as PIR, blood pressure, and laboratory measures (e.g., HDL and ALT), was typically below 10%. The pooled results from imputed datasets were combined using Rubin’s rules to ensure robust inference and minimize bias.

In this study, continuous variables were summarized as medians with interquartile ranges (IQRs) to represent their central tendency and variability. Categorical variables were presented as frequencies with weighted percentages. Comparisons of continuous variables between survivors and non-survivors were conducted using the Kruskal–Wallis test. Categorical variables were compared using the Chi-Squared test to assess proportional differences.

Cox proportional hazard models were used to estimate the association of DII with all-cause and cardiovascular mortality of the participants with MASLD. The selections of controlled covariates in the present study were based on previous literature evaluating the survival of MASLD (22–24). Specifically, model 1 served as the unadjusted analysis. Besides, brief adjustments for age, gender, and race were made in Model 2. In the fully adjusted model, we accounted for age, gender, race, marital status, educational level, poverty income ratio (PIR), plasma glucose concentration, alcohol use, BMI, serum levels of TC, ALT, HDL and TR. The concordance index (C-index) (25) was employed to assess the model accuracy of the multivariate-adjusted DII indices for mortality outcomes among participants with MASLD. Kaplan–Meier (KM) curves with NHANES sample weights were used to illustrate survival patterns across quartiles of the DII among participants with MASLD. For cardiovascular mortality, the cumulative incidence function (CIF) was used to account for competing risks, calculated with the cmprsk package in R.

To evaluate potential non-linear associations between the DII and mortality outcomes, restricted cubic splines (RCS) with three knots were employed. The selection of knots for the RCS curves was guided by the minimization of Akaike’s Information Criterion (AIC). A likelihood ratio test was used to compare the spline model to a linear model. p-values for non-linearity were reported, with insufficient evidence for non-linearity (p > 0.05) being interpreted as lack of support for significant deviation from linearity.

To check the robust associations between DII with all-cause and cardiovascular mortality of the participants with MASLD, three sets of sensitive analyses were conducted to validate the main findings. First, we excluded participants who died within 2 years after the interview, which could reduce the potential reverse causality between exposure and outcome. Second, we tested the association between DII with mortality outcomes of adults who were interviewed between 1999 and 2006 years, which could check the impact of the different cycles we have chosen on the association. Third, we also checked the mortality prediction value of DII in a more generalizable population by applying FLI ≥ 30 as the diagnostic criteria for SLD.

All statistical analyses of the present study were conducted by using the R software.3




3 Results


3.1 The baseline characteristics of adults with MASLD

Over the period from 1999 to 2018, the basic characteristics of the 8,833 participants enrolled in the study are summarized in Table 1. The median age of the study population was 52.00 years, and the median BMI was 32.98 kg/m2. Male participants accounted for 51.06% (4,510 cases) of the total population, while females made up 48.94% (4,323 cases). The majority of adults with MASLD were non-Hispanic White (3,888 cases, 44.02%), and non-Hispanic Black individuals constituted 20.23% of the population (1,787 cases). Over half of the participants (54.75%) had an educational level of high school or below, and 28.53% had a college education. Additionally, 61.49% of the participants were current smokers, and 7.85% were current drinkers. Regarding comorbidities, 21.83% of the participants had a history of DM, and 10.30% had hypertension. The median DII was 1.60. During the median follow-up period, there were 1,493 all-cause deaths and 473 cardiovascular-related deaths. Non-survivors were more likely to be male, older, non-Hispanic White, have lower educational levels, be unmarried, have comorbidities, tend to smoke, have a lower BMI, and lower socioeconomic status, and have a higher DII compared to survivors (all p < 0.05).



TABLE 1 The demographic characteristics of adult with MASLD in the present study.
[image: Table compares baseline characteristics between survivors and non-survivors among eight thousand eight hundred and thirty-three participants, showing medians or percentages for demographic, clinical, and laboratory variables, with statistical significance indicated by bold p-values less than zero point zero five.]



3.2 Association between DII with mortality outcomes of adults with MASLD

All-cause mortality was significantly associated with higher quartile levels of the DII among MASLD participants compared to those with lower quartile levels (p < 0.0001 by log-rank test, Figure 2). Consistently, participants with high levels of DII presented lower cardiovascular-specific survival probabilities (p = 0.012 by log-rank test) compared to other subgroups (Figure 3). The multivariate-adjusted Cox regression analysis revealed that the 4th quartile level of the DII was significantly associated with all-cause mortality [adjusted hazard ratio (aHR) = 1.28, 95% confidence interval (CI) = 1.10–1.49, p = 0.002]. However, the association between the high quartile levels of the DII and cardiovascular mortality was not statistically significant [aHR = 1.23, 95% CI = 0.92–1.63, p = 0.156] among adults with MASLD. When incorporated into a multivariate model including other clinically relevant variables, the DII yielded a C-index of 0.837 for all-cause mortality and 0.860 for cardiovascular mortality among participants with MASLD (Figures 4, 5). Finally, the multivariate-adjusted RCS analysis indicated a positive association between DII levels and mortality risk from all-cause and cardiovascular causes among MASLD adults. The p-values for non-linearity were 0.057 for all-cause mortality and 0.953 for cardiovascular mortality, suggesting insufficient evidence to support a non-linear relationship. (Figures 6, 7).

[image: Kaplan-Meier survival curve showing survival probability over twenty years for four DII quartiles, with distinct lines for Q1 blue, Q2 red, Q3 orange, and Q4 green. The table below the graph lists the number at risk for each quartile at five-year intervals. A statistically significant difference between groups is indicated by p less than 0.0001.]

FIGURE 2
 Kaplan–Meier Survival Curves for All-Cause Mortality by DII Quadrtiles with NHANES Sample Weight.


[image: Line graph displaying cumulative incidence of cardiovascular disease mortality over 20 years for four DII quartiles, with DII-Q1 (red) showing the lowest and DII-Q3 (orange) the highest risk. P-value is less than 0.001.]

FIGURE 3
 Cumulative Incidence Function for CVD Mortality by DII Quartiles Considering Competing Risks.


[image: Forest plot comparing hazard ratios with ninety-five percent confidence intervals and corresponding p values for four exposure quartiles under three models; hazard ratios and significance generally increase across quartiles, with Model3 showing fewer significant results.]

FIGURE 4
 Forest plots show the association between DII with the all-cause mortality among adults with MASLD. DII, Dietary Inflammatory Index; HR: hazard ratio; CI: confidence interval; MASLD, metabolic dysfunction-associated steatotic liver disease; Q, quartile. Model 1: unadjusted; Model 2: adjusted for age, gender, race; Model 3: adjusted for age, gender, race, marital status, educational level, poverty income ratio, plasma glucose concentration, smoking status, alcohol use, hypertension, BMI, HDL, ALT, TR and TC.


[image: Forest plot comparing hazard ratios with ninety-five percent confidence intervals and p-values for Q1 to Q4 exposures across three models; Model 1 and Model 2 show significant associations for Q2 to Q4, while Model 3's significance persists only for Q3.]

FIGURE 5
 Forest plots show the association between DII with the cardiovascular mortality among adults with MASLD. DII, Dietary Inflammatory Index; HR, hazard ratio; CI, confidence interval; MASLD, metabolic dysfunction-associated steatotic liver disease; Q, quartile. Model 1: unadjusted; Model 2: adjusted for age, gender, race; Model 3: adjusted for age, gender, race, marital status, educational level, poverty income ratio, plasma glucose concentration, smoking status, alcohol use, hypertension, BMI, HDL, ALT, TR and TC.


[image: Line graph displaying the hazard ratio for all-cause mortality across DII_ALL values using a restricted cubic spline model with five knots. The central curve shows the estimated hazard ratio, with a shaded area representing the confidence interval. Hazard ratio increases as DII_ALL rises above zero. P-values are reported as 0.001 for the overall effect and 0.057 for nonlinearity.]

FIGURE 6
 Restricted cubic splines reflect the dose-effect relationships between DII the all-cause mortality among adults with MASLD. DII, Dietary Inflammatory Index. The y-axis represents hazard ratio (HR), with the shaded area indicating the 95% confidence interval.


[image: Line graph illustrating the restricted cubic spline (RCS) curve for the DII index on cardiovascular mortality with five knots, displaying hazard ratio on the y-axis and DII_ALL on the x-axis, with a blue confidence interval band and p-values indicating no significant association.]

FIGURE 7
 Restricted cubic splines reflect the dose-effect relationships between DII the cardiovascular mortality among adults with MASLD. DII, Dietary Inflammatory Index. The y-axis represents hazard ratio (HR), with the shaded area indicating the 95% confidence interval.




3.3 Sensitivity analyses

Subgroup analyses were conducted to determine whether demographic characteristics and clinical factors influenced the relationship between the Dietary Inflammatory Index (DII) and mortality outcomes in individuals with MASLD. The results showed consistent associations between DII and all-cause mortality across gender, age, BMI, marital status, and ALT levels (P for interaction >0.05). However, a significant interaction was observed with education level (P for interaction = 0.048), indicating that educational attainment may modify the association between DII and all-cause mortality (Supplementary Figure S1). For cardiovascular mortality, consistent results were observed across subgroups stratified by gender, race, marital status, BMI, smoking status, and ALT levels (P for interaction >0.05). A significant interaction effect was found for age (P for interaction = 0.036), suggesting a stronger association between DII and cardiovascular mortality in individuals under 65 years (Supplementary Figure S2).

Meanwhile, we conducted a series of sensitive analyses to check the robustness of the primary findings (Supplementary Tables S1–S3). First, consistent associations between the DII with all-causes as well as cardiovascular mortality were observed after excluding the participants who died within 2 years. Second, among adults interviewed in earlier cycles, the DII maintained significant associations with mortality outcomes in those with MASLD. Last, the DII demonstrated similar associations with mortality outcomes in adults subjected to more lenient inclusion criteria for the diagnosis of SLD (FLI ≥ 30).




4 Discussion

In the present investigation, we ascertained that a heightened DII is markedly linked to increased risks of all-cause mortality in adults diagnosed with MASLD. More precisely, MASLD subjects within the highest quartile of the DII were associated with an aHR of 1.28 for all-cause mortality (95% CI: 1.10–1.49, p = 0.002), denoting a substantial elevation in mortality risk compared to those with lower DII scores. Although a trend toward increased cardiovascular mortality was noted (aHR = 1.23, 95% CI: 0.92–1.63, p = 0.156), statistical significance was not achieved. When the DII was evaluated alongside additional clinical variables, the model demonstrated a C-index of 0.837 for all-cause mortality and 0.860 for cardiovascular mortality, underscoring the potential utility of integrating dietary and clinical factors in understanding mortality risk in MASLD populations. Further analysis using multivariate-adjusted RCS revealed a positive linear relationship between DII scores and mortality risks, suggesting a direct association. While the test for nonlinearity was not significant for cardiovascular mortality (P for nonlinearity = 0.953), it was marginally significant for all-cause mortality (P for nonlinearity = 0.057). These results emphasize the importance of considering dietary inflammation in the context of MASLD, paving the way for personalized nutritional interventions aimed at reducing disease burden and improving patient outcomes.

Prior research has demonstrated that a substantial association exists between higher DII levels and elevated inflammatory factors, particularly CRP, IL-6, and so on (26, 27). Therefore, the DII calculated in this study likely reflects the impact of the participants’ diets on their inflammatory status, making it a valuable metric for further analysis. Recent studies have highlighted that elevated DII scores are significantly correlated with a heightened risk of cardiovascular disease, diabetes, various common cancers, and an increase in all-cause mortality (16, 28). A study with 15,291 diabetic individuals in the U.S. found that after 45 months, those on a pro-inflammatory diet (DII > 0) had a 71% higher risk of all-cause mortality compared to those on an anti-inflammatory diet (DII < 0) (HR, 1.71; 95% CI, 1.13–2.58; p = 0.011) (29). A similar pattern was observed in hyperlipidemic patients, reinforcing the connection between dietary inflammation and increased mortality risk (30). A meta-analysis encompassing 15 studies across four continents revealed a consistent linear positive dose–response relationship between DII scores and all-cause mortality (31). The findings from the aforementioned studies on the DII in various populations mirror the results of this study. Another consideration is the impact of dietary fluctuations on metabolic health. Studies suggest that dietary inconsistency, especially alternating between inflammatory and anti-inflammatory diets, may exacerbate metabolic dysfunction, oxidative stress, and inflammation, potentially posing greater risks than a consistently high DII diet (32). Sudden dietary shifts have been linked to impaired insulin sensitivity and increased cytokine activity, both of which are central to MASLD pathogenesis (33, 34). Future research should investigate the long-term effects of dietary fluctuations.

There is still uncertainty as to why MASLD patients’ DII scores are associated with death risk. Potential mechanisms include the following: High DII diets exacerbate liver inflammation, speeding up the progression to fibrosis and cirrhosis by increasing systemic inflammation and insulin resistance common in MASLD. Additionally, such diets contribute to oxidative stress by increasing reactive oxygen species that damage hepatocytes (35, 36). The immune response is also implicated, pro-inflammatory diets activate the immune system, increasing cytokine production such as TNF-α and IL-6, which further aggravate liver damage and fibrosi. Moreover, the gut-liver axis plays a crucial role in MASLD progression, as dietary components shape gut microbiota composition. Pro-inflammatory diets (high in saturated fats, refined carbs, low fiber) disrupt microbiota balance, increasing intestinal permeability and lipopolysaccharide (LPS) translocation, which triggers hepatic inflammation via Kupffer cell activation (37). Conversely, fiber, polyphenols, and probiotics support gut homeostasis, increasing short-chain fatty acids (SCFAs) with anti-inflammatory and hepatoprotective effects. Anti-inflammatory and antioxidant-rich diets improve gut microbiota composition, reducing inflammation and oxidative stress (38). Targeting gut dysbiosis through dietary modifications may help reduce MASLD burden and improve outcomes. These interconnected mechanisms underscore the significant impact of dietary choices on the health outcomes of individuals with MASLD.

In the subgroup analysis, a stronger association was observed between DII and all-cause mortality among individuals with higher educational attainment. While higher education is generally linked to greater health literacy and healthier dietary habits, research suggests that factors such as social stress, work burden, and mental health challenges among highly educated individuals may contribute to chronic inflammation, amplifying the impact of a pro-inflammatory diet on mortality risk (39). This finding may reflect broader socioeconomic influences on dietary inflammation rather than being solely attributable to nutritional literacy. Similarly, the stronger association of DII scores with cardiovascular mortality in younger adults may be attributed to their higher consumption of processed, pro-inflammatory foods, which are rich in refined sugars, saturated fats, and additives. Studies have shown that such diets elevate inflammatory markers like C-reactive protein (CRP) and interleukin-6 (IL-6), contributing to vascular damage, arterial stiffness, and worsening liver inflammation and fibrosis, thereby accelerating MASLD progression (40). Prolonged exposure to these foods also induces oxidative stress, further damaging endothelial cells and promoting plaque formation. In contrast, older adults are more likely to adopt dietary adjustments as part of chronic disease management, including anti-inflammatory eating patterns like the Mediterranean or DASH diets, which reduce inflammation and oxidative stress (41).

The current study has several strengths. First, it is the first to investigate the prognostic implications of the DII on mortality outcomes among U.S. adults with MASLD. Second, the analysis is based on a robust dataset from NHANES, which provides a large, nationally representative sample and extensive follow-up data over two decades. Last, the study’s methodological rigor is evident through the comprehensive use of sensitivity analyses, which verify the stability and robustness of the results across various conditions and adjustments.

Some limitations need to be addressed in future studies. Potential selection bias in this study arises from the exclusion of participants with missing data on MASLD status and DII. However, the use of multiple imputation for covariates with minor missingness helps mitigate the impact of missing data. Additionally, Potential unmeasured confounders for this study include medication use and pre-existing CVD or other comorbidities. However, they may be correlated with observed confounders, which could reduce unmeasured confounding. Survival bias is also possible, as participants with higher DII who survived until the NHANES survey may represent a healthier subset, potentially underestimating the true association with mortality. Measurement errors are possible but likely minimal due to NHANES’ robust design and methods. Future studies incorporating clinically verified data, additional confounders, left truncation adjustments, or longitudinal follow-up from MASLD diagnosis could enhance the validity of these associations.

In conclusion, our findings suggest that elevated levels of DII are associated with increased risks of all-cause and cardiovascular mortality in U.S. adults with MASLD. Furthermore, DII demonstrates an enhanced associative effect on mortality outcomes in adults with MASLD, making it a simple and easily calculable clinical biomaker for managing MASLD.
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Research has highlighted numerous detrimental consequences of thiamine deficiency on digestive function. These range from impaired gastric and intestinal motility to aberrant changes in pancreatic exocrine function, gastric acidity and disturbances in gut barrier integrity and inflammation. Thiamine and its pharmacological forms, as a primary or adjunctive therapy, have been shown to improve symptoms such as nausea, constipation, dysphagia and intestinal dysmotility, in both humans and animals. This review aims to explore molecular mechanisms underlying the therapeutic action of thiamine in gastrointestinal dysfunction. Our analysis demonstrates that thiamine insufficiency restricted to the gastrointestinal system, i.e., lacking well-known symptoms of dry and wet beriberi, may arise through (i) a disbalance between the nutrient influx and efflux in the gastrointestinal system due to increased demands of thiamine by the organism; (ii) direct exposure of the gastrointestinal system to oral drugs and gut microbiome, targeting thiamine-dependent metabolism in the gastrointestinal system in the first line; (iii) the involvement of thiamine in acetylcholine (ACh) signaling and cholinergic activity in the enteric nervous system and non-neuronal cells of the gut and pancreas, employing both the coenzyme and non-coenzyme actions of thiamine. The coenzyme action relies on the requirement of the thiamine coenzyme form – thiamine diphosphate – for the production of energy and acetylcholine (ACh). The non-coenzyme action involves participation of thiamine and/or derivatives, including thiamine triphosphate, in the regulation of ACh synaptic function, consistent with the early data on thiamine as a co-mediator of ACh in neuromuscular synapses, and in allosteric action on metabolic enzymes. By examining the available evidence with a focus on the gastrointestinal system, we deepen the understanding of thiamine’s contribution to overall gastrointestinal health, highlighting important implications of thiamine-dependent mechanisms in functional gastrointestinal disorders.
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1 Introduction

Gastrointestinal diseases are highly prevalent worldwide and account for a significant portion of global disease burden (1) and healthcare costs (2). Globally, a substantial proportion of these diseases are linked to infectious and transmissible causes, whereas in developed countries the vast majority are non-communicable and are rising in prevalence (3). The most common diagnoses in gastroenterology are a group of disorders known as Functional Gastrointestinal Disorders (FGIDs). With growing recognition in recent years of the nervous system’s involvement in such disorders, they are now broadly defined as disorders of gut-brain interaction (4). According to the Rome IV criteria, such disorders can involve any combination of motility disturbance, altered mucosal and immune function, dysbiosis of gut microbiota, visceral hypersensitivity, and altered central nervous system processing (5). The estimated prevalence is 10–40% (6), although the actual prevalence is unknown (7). A recent global study shows that 49% of females and 37% of males meet the diagnostic criteria for at least one FGID (7). The five most prevalent FGIDs are irritable bowel syndrome, functional dyspepsia, functional constipation, functional diarrhea, and functional bloating/abdominal distention. However, the FGID classification also includes a diverse range of other disorders, many of which exhibit overlapping clinical features. These include epigastric pain syndrome, functional dysphagia, heartburn, reflux hypersensitivity, belching disorder, bloating/distention, centrally mediated abdominal pain, fecal incontinence, and others.

The molecular and cellular mechanisms underpinning the pathophysiology of FGIDs are complex and have been reviewed elsewhere (5). Prominent features include epithelial barrier dysfunction, delayed or accelerated gastrointestinal transit due to abnormal function of smooth muscles, dysfunctional enteric nervous system and/or immunity, gut microbial dysbiosis, bile acid malabsorption, and alterations in the gut-brain axis (8–12). Therapeutic interventions include pharmacologic agents, dietary and lifestyle changes, probiotics, antibiotics, fecal microbial transplant, and stress management. Pharmacological treatments range from prokinetics and antispasmodics to centrally acting neuromodulators, albeit with varied success (13). As research continues to unearth a multitude of pathophysiological mechanisms involved in FGIDs, it is important to reveal specific primary causes. Similar symptoms may originate from different impairments, but therapies mitigating the primary impairment, rather than the convergent symptoms, are the most efficient ones (14).

Publications on FGIDs, which are ameliorated by administration of thiamine (vitamin B1) (15–23), suggest that thiamine insufficiency in the gastrointestinal system and/or its innervation may contribute causally to the development of these disorders, also in the absence of systemic thiamine deficiency. Our review aims at understanding the molecular mechanisms underlying this potential of thiamine to counteract many pathological alterations commonly observed in FGIDs. In addition to thiamine’s role as a precursor of an essential coenzyme in energy production from glucose oxidation (24), contribution to gastrointestinal function of the non-coenzyme action of thiamine (25, 26), presumably regulating not only the coenzyme-dependent pathway of acetylcholine (ACh) biosynthesis (27), but also ACh signaling at neuromuscular junctions (28) and in non-neuronal cells (29), is considered. Our focus on an intestine-expressed set of proteins which are well-known or suggested to be involved in transport, transformations and action of thiamine and its derivatives, underscores the significance of polar distribution of different thiamine transporters to organize the nutrient flux in enterocytes. We draw attention to various factors that may perturb enterocytic balance between the thiamine influx from the lumen and systemic delivery to other tissues, providing insights into the molecular mechanisms of local thiamine insufficiency in gastrointestinal system. Although this form of thiamine deficiency, which we call gastrointestinal beriberi, is initially limited to the gastrointestinal system, it mostly progresses to systemic thiamine deficiency, often triggered by stresses of different etiologies. That is why the distinction between specific gastrointestinal beriberi and the gastrointestinal manifestations of systemic beriberi resulting from gastrointestinal dysfunction remain unclear and are not well defined. However, in line with the existing classification of beriberi affecting nerves (dry beriberi) and cardiovascular system (wet beriberi), it is plausible to use the term gastrointestinal beriberi in an analogous, tissue-directed, way.

Our analysis of the gastrointestinal beriberi mechanisms employs, in particular, case studies of patients after bariatric surgery – a well-defined group, often developing systemic thiamine deficiency. Using available data on the time-dependent transcriptomic changes in enterocytes of these patients, we demonstrate long-term perturbations in their thiamine metabolism, which may be of diagnostic significance. Existence of genetic variants of thiamine-dependent proteins, insufficient molecular identification of these proteins, as well as the age- and sex-dependent differences in thiamine metabolism (30), may contribute to the observed variety of clinical manifestations of thiamine deficiency (31, 32). Clearly, this may also affect the outcomes of systemic and meta-analyses of thiamine’s effects in different populations and patient groups (32). As a result, our review calls upon more attention to personalized approaches in characterization of individual thiamine homeostasis, based on the knowledge of the thiamine-dependent proteins and their tissue-specific features and functions.



2 Thiamine (vitamin B1) and its metabolic significance

Thiamine is an essential water-soluble vitamin, naturally occurring in a wide variety of foods. Rich dietary sources include different types of meat, legumes and whole grains. In the human body, the major intracellular derivative of thiamine is its diphosphorylated form, thiamine diphosphate (ThDP). This essential coenzyme of ThDP-dependent enzymes is absolutely necessary not only for oxidative glucose metabolism, but also for coupling metabolic pathways of carbohydrates and amino acids, as well as for controlling de novo synthesis of major neurotransmitters, ACh and glutamate, from glucose. The control is determined by ThDP-dependent biosynthesis and/or distribution of the neurotransmitter precursors acetyl-CoA and 2-oxoglutarate, formed upon the oxidation of the glycolytic product pyruvate in the TCA cycle (Figure 1).
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FIGURE 1
 Coenzyme role of ThDP in metabolism of the gut cells. (A) Metabolic pathways involving enzymes that use the coenzyme derivative of thiamine, thiamine diphosphate (ThDP). (B) The relative abundance of mRNAs for the ThDP-dependent enzymes in different cells of intestine (colonocytes, enterocytes of ileum, enterocytes of jejunum) and in enterocyte organoids. The transcript signals for the genes of interest are normalized to the sum of the average mRNA signals of GAPDH, ACTB and TUBA1A as described earlier (149). The signals of these mRNAs for the three transcripts used for the normalization, are comparable, producing similar normalization ratios of the transcripts of interest across the different GEO datasets used. Transcriptomics data is taken from the GEO database. Identificators of the assessed experiments are: colonocytes experiments GSE13367 [Platform GPL570, (HG-U133_Plus_2) Affymetrix Human Genome U133 Plus 2.0 Array, 10 datasets: GSM337520, GSM337526, GSM337529, GSM337530, GSM337532, GSM337533, GSM337537, GSM337539, GSM337540, GSM337544] and GSE30292 [Platform GPL570, (HG-U133_Plus_2) Affymetrix Human Genome U133 Plus 2.0 Array, 3 datasets: GSM750882, GSM750883, GSM750884]; jejunum enterocytes experiments GSE214758 [Platform GPL20795, HiSeq X Ten (Homo sapiens), 9 datasets: GSM6615629, GSM6615631, GSM6615633, GSM6615637, GSM6615641, GSM6615643, GSM6615645, GSM6615647, GSM6615649], GSE113819 {Platform GPL17586 (HTA-2_0) Affymetrix Human Transcriptome Array 2.0 [transcript (gene) version], 5 datasets: GSM3120595, GSM3120597, GSM3120599, GSM3120601, GSM3120603} and GSE30292 [Platform GPL570, (HG-U133_Plus_2) Affymetrix Human Genome U133 Plus 2.0 Array, 2 datasets: GSM750891, GSM750892]; ileum enterocytes experiment GSE30292 [Platform GPL570, (HG-U133_Plus_2) Affymetrix Human Genome U133 Plus 2.0 Array, 3 datasets: SM750888, GSM750889, GSM750890]; enterocyte organoid experiment GSE242765 [Platform GPL18573, Illumina NextSeq 500 (Homo sapiens), 1 dataset GSM7770156]. Normalized mRNA levels from all the datasets for the same cell type are averaged, and the data are shown as mean ± SEM.


The mammalian ThDP-dependent enzymes (24) include cytosolic transketolase (TKT) participating in the pentose phosphate pathway; the mitochondrial multienzyme complexes of 2-oxo acids, i.e., of pyruvate dehydrogenase (PDH), 2-oxoglutarate dehydrogenase (OGDH), 2-oxoadipate dehydrogenase (OADH) and branched chain 2-oxo acid dehydrogenase (BCODH), linked to amino acids through their transamination to the 2-oxo acids; and peroxisomal 2-hydroxy acyl-CoA lyase (HACL) participating in the α-oxidation of long and very long chain 3-methyl or 2-hydroxy even-chain fatty acids (33).

TKT, as part of the cytosolic pentose phosphate pathway, along with the mitochondrial multienzyme complexes of pyruvate (PDHC) and 2-oxoglutarate dehydrogenases (OGDHC), are essential for energy production from glucose oxidation. The oxidation-generated reducing equivalents accumulate as cytosolic NADPH produced by the pentose phosphate pathway, and mitochondrial NADH, produced by 2-oxo acid dehydrogenases. In addition, the function of TKT in the pentose phosphate pathway supports the generation of phosphoribose for nucleic acid synthesis. PDHC links cytosolic glycolysis to the mitochondrial TCA cycle by oxidizing pyruvate, the end product of glycolysis. The PDHC-catalyzed reaction generates not only NADH, which is oxidized in the mitochondrial respiratory chain, but also acetyl-CoA, which feeds into the TCA cycle and is a precursor of acetylcholine (ACh) in cholinergic cells. OGDHC catalyzes the rate-limiting step of the TCA cycle. The substrate of the OGDHC reaction, 2-oxoglutarate, is a precursor for glutamate biosynthesis from glucose. The OGDHC reaction product succinyl-CoA provides for the only mitochondrial phosphorylation reaction of ADP to ATP, at the substrate-level, i.e., phosphorylation beyond mitochondrial respiratory chain.

In addition to the ubiquitous ThDP-dependent enzymes, enterocytes express a number of the ThDP-dependent isoenzymes, i.e., the enzymes with similar catalytic functions, encoded by separate genes. These include transketolase-like 1 and 2 proteins, TKTL1 and TKTL2, as well as the ubiquitous (PDHA1) and testis-specific (PDHA2) isoenzymes of the α-subunit of PDH (PDHA) (Figure 1B). Deciphering physiological roles of isoenzymes is often challenging. Inactivation of TKTL1 aggravates colitis in a murine knockout model (34, 35). Isoenzymes of HACL1 and HACL2 are shown to provide α-oxidation of 3-methyl and 2-hydroxy long chain fatty acids, respectively, with HACL2 playing an important role in ceramide formation in the stomach (33). Isoenzymes of OGDH are the brain-specific OGDH-like protein (OGDHL) and OADH, encoded by OGDHL and DHTKD1 genes, correspondingly (Figure 1). OGDH and OGDHL differ in their regulatory properties, including 2-oxoglutarate saturation (36). OGDH(L) and 2-oxoadipate dehydrogenase (OADH) have different substrate specificity, preferring 2-oxoglutarate and 2-oxoadipate, correspondingly (37, 38). The OGDH isoenzymes encoded by OGDHL and DHTKD1 genes, link eosinophilic esophagitis to mitochondrial dysfunction (39).

Functional significance of the ThDP-dependent enzyme isoforms, which are the enzyme variants arising from alternative splicing of transcripts from a single gene, or through post-translational modifications, is studied even less than that of isoenzymes. An exception is the established regulatory significance of the OGDH splice variants lacking Ca2+-dependent regulation. Unlike skeletal muscle and heart, which predominantly express Ca2+-sensitive isoforms, other tissues, in particular pancreatic islets, have significant expression of Ca2+-independent OGDH isoforms, which are thought to be involved in the distribution of 2-oxoglutarate flux to oxidation in the TCA cycle and glutamate biosynthesis (40).

As mentioned above, the coenzyme role of thiamine is important for metabolism of α-amino acids, as they are transaminated to 2-oxo acids. In addition to PDHC and OGDH(L)C, this action of thiamine is mediated by two other ThDP-dependent multienzyme complexes, i.e., those of branched chain 2-oxo acid dehydrogenase (BCODH) and OADH, functioning in the pathways of degradation of branched-chain α-amino acids, and lysine and tryptophan, respectively (Figure 1). The corresponding acyl-CoAs generated by these complexes undergo additional transformations before entering the TCA cycle in the form of acetyl- or succinyl-CoA. As a result, catalytic function of the multienzyme complexes of 2-oxo acid dehydrogenases may provide energy from oxidation of both carbohydrates and amino acids. Thiamine-dependent metabolic regulation is important for optimizing the energy source: by increasing efficiency of glucose oxidation, thiamine prevents excessive degradation of amino acids (41).

In recent years, the role of different acyl-CoAs in the posttranslational acylation of protein lysine residues has acquired increasing attention (42). Histone acylations are considered to be especially important for intestinal epithelium adaptations to environmental signals (43). Remarkably, nuclear localization of the 2-oxo acid dehydrogenase complexes has recently been discovered, in addition to their traditional mitochondrial localization (44–47). This finding is in good accordance with independent research that acylations of both metabolic proteins and histones depend on the function of 2-oxo acid dehydrogenase complexes (48, 49). The changes in histone acylation, mediated by ThDP-dependent 2-oxo acid dehydrogenase complexes, provide a mechanism for thiamine-dependent transcriptional regulation.

Positioning of ThDP-dependent 2-oxo acid dehydrogenase complexes at the intersections of major pathways of central metabolism and transcriptional regulation endows these systems with a functional role of “signaling hubs,” regulating multiple cellular processes, such as intracellular redox status, growth, protein signaling, and calcium homeostasis (50–52).

Expression of the considered ThDP-dependent enzymes and isoenzymes in enterocytes (Figure 1B) underscores both the common and isoenzyme-specific dependence of gastrointestinal metabolism on thiamine.



3 Gastrointestinal beriberi

As animals do not synthesize thiamine, their thiamine need is satisfied by dietary intake and biosynthesis by gut microbiota. Thus, gastrointestinal dysfunction impairing the absorption of nutrients inevitably results in insufficient organismal thiamine levels, i.e., thiamine deficiency (TD). Indeed, the most well-known TD state is Wernicke-Korsakoff syndrome, first described by Wernicke in a female whose digestive tract was severely damaged by sulfuric acid (53). On the other hand, gastrointestinal disturbances are critical early indicators of severe thiamine deficiency causing pediatric Wernicke Encephalopathy (54).

An estimated 2–3% of the body’s thiamine may originate from microbial synthesis within the colon, although its precise nutritional significance remains to be fully understood. Studies on the gut microbiome have identified distinct genera of bacteria capable of synthesizing thiamine, including Lactobacillus, Bifidobacterium, Escherichia coli, Enterococcus, and Clostridium (55, 56). Furthermore, high expression of genes involved in thiamine biosynthesis and transport are prevalent in Prevotella, Desulfovibrio (57), and Bacteroides (58). On the other hand, the microbiome houses many genera of bacteria that fail to grow in the absence of thiamine (59), and depend on its external sources (60). The abundance of one such family, Ruminococcaceae, is positively correlated with thiamine intake in humans. Dietary thiamine restriction in rodents also decreases relative abundance of this family, which is accompanied by reduced fecal butyrate concentrations (61). ThDP is used as a cofactor for the microbial enzyme pyruvate-ferredoxin oxidoreductase, which catalyzes the conversion of pyruvate to acetyl-CoA in the pathway for butyrate synthesis (56). Hence, bacteria require thiamine for production of short-chain fatty acids, which play important anti-inflammatory and signaling roles in the gut. It is therefore not surprising that thiamine from dietary sources may alter the composition of microbes in the gut, and a deficit of thiamine may result in bacterial dysbiosis (58, 59).

Remarkably, in a trial using high-dose thiamine for fatigue related to inflammatory bowel disease (IBD), the relative abundances of Faecalibacterium prausnitzii, a member of the Ruminococcacea family, and Roseburia hominis, a member of the Lachnospiraceae family, inversely correlate with fatigue severity both pre- and post-treatment with thiamine (62).

When TD becomes severe and chronic, it is known as beriberi. Dry beriberi affects the central nervous system (CNS) and peripheral nerves, whereas wet beriberi involves the cardiovascular system. In 2004, Dr. Michael Donnino introduced the term “gastrointestinal beriberi” (63) to describe a distinct clinical entity caused by TD in the gastrointestinal system. It is broadly defined as a combination of several possible symptoms: anorexia (lack of appetite), nausea, unexplained vomiting, abdominal distention, constipation, reflux and epigastric pain, and occasionally intestinal paralysis. Since its original definition in the medical literature, multiple case reports have been published by independent researchers (Table 1). Although manifestations of neurological dysfunction often point to TD and may sometimes accompany gastrointestinal beriberi (17, 64), it has been also noted that chronic mild deficiency may present with gastrointestinal symptoms under entirely normal neurological exams in well-nourished, non-alcoholic patients (65–68). In one of the early reports cited by Donnino (69), severe manifestations of gastrointestinal beriberi are also preceded in time by much milder symptoms. These include abdominal distension, belching, and alternating constipation and diarrhea. Furthermore, early into the study, all participants exhibited achlorhydria or hypochlorhydria, delayed gastric emptying, and reduced intestinal motility. Similarly, early gastrointestinal symptoms - such as a full sensation in the epigastrium, gastric reflux, hypochlorhydria, impaired gastric and intestinal motility, and constipation - are reported by Shimanoza and Katsura in 30–50% of patients with TD (70). In another study, thiamine therapy leads to the disappearance of both gastrointestinal (dysphagia) and CNS/cardiovascular (dyspnea and blurred vision) symptoms. However, after thiamine is discontinued, dysphagia re-appears at the time when other symptoms are not observed (71). One case report describes the onset of dysphagia and gastroparesis in a patient with Crohn’s disease 2 months before developing Wernicke encephalopathy, which resolved with high dose thiamine (72). A recent analysis (19) has found gastrointestinal symptoms in 46 out of 52 patients with diagnosed TD. In some cases, symptoms precede the classical neurological signs by up to several months, suggesting that digestive dysfunction may, in fact, be an early indicator of TD before progressing to other bodily systems. Dysphagia, or esophageal dysmotility, is common after bariatric surgery, known to be associated with TD, and is restored following thiamine administration (73, 74). A high prevalence of constipation and gastrointestinal paralysis is also associated with TD (70). Numerous reports demonstrate significant impairments in intestinal motility (small and large) in TD subjects, which normalizes with thiamine repletion (18, 75–78). Dietary thiamine intake is inversely associated with constipation (79). Abnormal gastric acidity is reported to be one of the most common and early signs of TD (70). In this study, four patterns of acid secretion are identified in response to thiamine administration: (i) Hypoacidity which gradually improves with thiamine repletion; (ii) Hypoacidity which shifts to high acidity in the recovery phase after thiamine administration, followed by eventual normalization; (iii) Hyperacidity in the early stage of TD, followed by normalization with thiamine therapy; (iv) Hyperacidity, followed by low acidity during the recovery phase after thiamine administration, which normalizes later. More recently, aberrant changes in gastric output have been demonstrated in TD. Achlorhydria is found in both human (80–83) and animal (84) studies. TD is also known to induce gastric ulceration (85). Epigastric pain, early satiety, and gastroesophageal reflux are common initial symptoms of TD and gastrointestinal beriberi (19, 70). Based on modern diagnostic criteria, this combination of symptoms could now be broadly classified as functional dyspepsia, which is often associated with gastric hypoacidity (86). Thiamine in conjunction with other therapies has been used to successfully treat functional dyspepsia (87).



TABLE 1 Therapeutic action of thiamine administration in human and animal studies of FGIDs.
[image: Table summarizing studies that report resolution of gastrointestinal symptoms after thiamine administration in humans and animals, listing symptoms, intervention methods with dosages and durations, and sample sizes for each study.]

Thus, a wide range of gastrointestinal disorders respond positively to thiamine administration. The therapeutic action of thiamine administration in human and animal studies are summarized in Table 1.

An important factor for digestion and overall gastrointestinal health is pancreatic function (88). Of note, the pancreas has a high thiamine content (89) which it maintains through constant uptake from circulation (90). TD is associated with a dramatic reduction of pancreatic thiamine content by up to 75% (89). Depletion of pancreatic thiamine can result in oxidative stress (91), which is considered to be a driving factor in development of pancreatitis. Furthermore, some researchers speculate that thiamine depletion in the pancreas may be a necessary antecedent for pancreatic inflammation (91). Indeed, chronic alcoholism and nicotine consumption are independent risk factors for pancreatitis, and both inhibit pancreatic thiamine uptake via downregulation of thiamine transporters (90). A Spanish review published in 1944 reports that hyposecretion of pancreatic enzymes is a common feature of TD (92), and administration of thiamine in children could increase the release of the pancreatic enzymes trypsin, amylase and lipase (93). Animal research also highlights substantial abnormalities in pancreatic function during TD, evidenced by a reduction in stored pancreatic protein and digestive enzyme content, contrasted by an abnormally large enzyme secretion (94). Acute pancreatitis and encephalopathy are recently reported as a consequence of TD and successfully treated with thiamine administration (95).

As a result, thiamine is known to positively influence perturbed gastrointestinal function. In many cases, this positive influence occurs when CNS symptoms of TD are absent, pointing to the gastrointestinal system as the primary site of TD. The findings suggest that TD restricted to the gastrointestinal tract may occur, while other TD-sensitive systems, such as the neurological and cardiovascular systems, do not display their specific symptoms. That said, chronic impairment of thiamine availability in the gastrointestinal system should also reduce resilience of other body systems. Obvious neurological and/or cardiovascular symptoms may represent a culmination of gastrointestinal beriberi, probably triggered by challenges that increase metabolic demands or decrease intracellular transport of thiamin, such as stress, infection, trauma, drug administration. For instance, a case study describes persistent gastrointestinal beriberi followed by the onset of neurological symptoms in a male patient after one session of heavy drinking (17). Metformin, a widely used antidiabetics entering cells through the thiamine transporters, is known to reduce intestinal thiamine content in mice (96). Thus, different comorbidities may transition a vulnerable state of gastrointestinal beriberi—where TD is confined to the gastrointestinal tract, but is not obviously affecting other body systems—into dry or wet beriberi, characterized by specific symptomatic manifestations where potentially life-threatening situations promote the diagnosis of TD.

In conclusion, TD limited to the gastrointestinal system may be an overlooked and underdiagnosed cause of the increasingly common gastrointestinal disorders encountered in modern medical settings. Left unattended, it may progress to wet or dry beriberi, most often observed as Wernicke encephalopathy. However, how is it possible that the gastrointestinal system—which, unlike other systems, is directly exposed to nutrients—suffers from this nutrient deficiency more than the rest of the body? The following sections examine the available evidence on molecular mechanisms of thiamine transport, metabolism, and function in the gastrointestinal system, offering insights for the interpretation of medical studies on thiamine-responsive gastrointestinal disorders that highlight mechanistic connections between common disorders of gastrointestinal tract and TD.



4 Thiamine metabolism in intestinal cells


4.1 Thiamine transport in brush border and basolateral membranes of enterocytes

Due to its hydrophilic nature, thiamine is not membrane-permeable, with its entry into the cell depending on membrane proteins dedicated to thiamine transport. Enterocytic absorption of dietary thiamine from the lumen and further transport of thiamine from the intestine to the blood occur via active transport through a number of transporters (Figure 2A). Thiamine transport capacity in human intestinal biopsy samples is highest in the duodenum, followed by the colon and stomach (97). Although THTR1 and THTR2 transporters, encoded by the SLC19A2 and SLC19A3 genes, respectively, are the most widely known and well-characterized, a number of newly characterized transporters of thiamine and its phosphates have been added to the list in recent decades. Figure 2 shows those expressed in intestine (A) along with their relative expression in enterocytes, their organoids and colonocytes (B).
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FIGURE 2
 Transporters of thiamine and its derivatives in the gut cells. (A) Schematic presentation of the transport processes through transporters expressed in the gut cells. (B) The relative abundance of mRNAs for the transporters of thiamine and its derivatives in different intestinal cells (colonocytes, enterocytes of ileum, enterocytes of jejunum) and in enterocyte organoids. The normalized mRNA signals are calculated as described in the legend to Figure 1 using the same datasets. The data are shown as mean ± SEM.


Thiamine transporter SLC35F3 has been identified in studies investigating its variant, which is associated with human hypertension and lower levels of erythrocytic thiamine; expression of the protein in Escherichia coli increases thiamine transport (98). Thiamine is also transported through OCT1 (SLC22A1) (96) and OCT2 (SLC22A2) (99). Although the substrate specificity of other OCT family members is insufficiently characterized, their principal ability to transport organic cations justifies inclusion of SLC22A3–5 in Figure 2.

Intestinal alkaline phosphatase (ALPI, Figure 2) plays an essential role in the absorption of dietary B vitamins including thiamine (100). This enzyme not only exhibits phosphatase activity, dephosphorylating thiamine phosphates in the lumen, but may also transphosphorylate extracellular thiamine to intracellular thiamine monophosphate (ThMP), at the expense of intracellular phosphate donors such as beta-glycerophosphate or creatine phosphate (101). Transporters of MATE (multidrug and toxin extrusion) family (SLC47A) extrude thiamine in exchange for a proton; SLC47A1 and SLC47A2-K are characterized by a Km for thiamine in micromolar range (102), supporting the physiological relevance of thiamine extrusion by these transporters (Figure 2A).

Differences in the net intestinal transport of thiamine have been studied by Rindi and co-workers using basolateral and brush border membrane vesicles (100, 103, 104). However, apart from the SLC19A transporter family, little is known about the polar distribution of transporters in enterocytes and colonocytes. The gut cells have an apical, or brush border, membrane facing the lumen, and a basolateral membrane facing the circulatory system. This polarity is in accord with the dual function of intestinal epithelium: the same cells absorb nutrients from the lumen through the brush border membrane and deliver them to the blood through the basolateral membrane (Figure 2A). Available data on the polarity are taken into account in Figure 2A. These refer to the excretory function of MATE transporters (102, 105, 106) and the identification of SLC19A2 on both membrane types in epithelial cells (107). In contrast, the SLC19A3 protein is shown to localize specifically to the apical (brush border) membrane (108). This transporter is well-characterized in terms of its structure and function, with a number of drugs decreasing thiamine transport through SLC19A3 (109). With the brush border membrane directly exposed to drugs inhibiting thiamine influx through SLC19A3, and nutrient efflux through the basolateral membrane to satisfy permanent systemic demands for thiamine, the steady-state concentration of thiamine in the gut epithelium may be decreased. The disbalance between the inhibited enterocytic influx and unchanged or increased systemic demand may cause specific vulnerability of the gut epithelium to toxic effects of the thiamine-competitive drugs targeting SLC19A3. As a result, gastrointestinal TD may develop and exist as a steady-state, providing other tissues with thiamine levels sufficient for normal conditions, but inadequate for metabolic challenges.

As luminal ThDP from the diet is supposed to be hydrolyzed by ALPI, while ThDP is known to be produced inside the cell, the role of SLC44A4 in transporting extracellular ThDP has been enigmatic. Single nucleotide polymorphisms in SLC44A4 are key risk factors for ulcerative colitis in a collection of different studies (110–113). In view of the high expression of this transporter in colon, it has been proposed to participate in absorption of the microbiota-generated ThDP (25). However, this view leaves unanswered the question why microbes would extrude ThDP to the lumen. Besides, the transporter is also expressed in other tissues, and independent data (114–116) show a less drastic difference between human colonocytes and enterocytes in its expression (Figure 2B), compared to the initial finding of a 10-fold higher expression in the colon relative to other regions of gastrointestinal tract in humans (117). On the other hand, according to recent structure–function characterization of reduced folate transport through SLC19A1, ThDP is the best substrate to be exchanged for folate (118). The participation of ThDP in cellular folate absorption (Figure 2A) endows SLC44A4 with a physiologically relevant function to return ThDP that is extruded in exchange for folate, back to the cell (Figure 2A). Employment of the ThDP-folate exchange by microbes may explain the high SLC44A4 expression in the colon. Yet, the expression of this transporter in different parts of the gut (Figure 2B) does not exclude its possible participation in the gut’s absorption of ThDP from the diet, especially given the presence of other folate transporters on the brush border membrane of enterocytes, i.e., those encoded by SLC46A1, FOLR1, and FOLR2 (119).

Interestingly, males display lower plasma folate levels than females (120–122), and only males demonstrate a positive correlation between the folate deficiency risk scores calculated from the polymorphisms in the folate pathway genes SLC19A1 and MTHFR (123). At the same time, it is known that thiamine intake is higher in males vs. females (124). The opposite sex-dependent differences in the levels of folate and thiamine highlight the physiological significance of the folate/ThDP exchange through SLC19A1. This is further supported by a study of the SLC19A1 variant rs1051266:G (125). In model experiments employing HEK293 cells in a thiamine-deficient medium, the SLC19A1 variant rs1051266:G exhibits a strong decrease in ThDP efflux compared to the canonic SLC19A1 sequence rs1051266:A. Association of the SLC19A1 variant rs1051266:G with Wernicke-Korsakoff encephalopathy (125), a condition known to develop due to the thiamine deficiency in the brain, underscores the role of SLC19A1 in delivering not only folate but also thiamine to CNS (28). Both SLC19A1 and SLC19A2 deliver vitamins to systemic tissues (119), correspondent to their locations in the basolateral membrane (Figure 2). ThDP transport through the folate transporter encoded by SLC19A1 is further supported by cases of thiamine-responsive dysphagia that have been observed at normal laboratory values of blood thiamine, but increased serum folate levels (71). The blood transports thiamine or its monophosphate (ThMP), both of which also penetrate the blood–brain barrier (26, 126) through saturable transporters (127).



4.2 Interconversions of thiamine and its natural derivatives in intestinal cells

To perform its coenzyme function (Figure 1A), thiamine or ThMP entering the cells (Figure 2A) must be transformed into the coenzyme form, ThDP. Animals synthesize ThDP by diphosphorylation of thiamine in the thiamine diphosphokinase (or thiamine pyrophosphokinase, TPK)-catalyzed reaction (Figure 3A). Another well-characterized protein of thiamine metabolism is thiamine triphosphatase, encoded by ThTPA gene, which hydrolyzes thiamine triphosphate (ThTP) to ThDP (128, 129). The enzymes catalyzing other transformations of thiamine derivatives are not unambiguously identified. Given the poorly characterized specificity of enzymes involved in thiamine transformation and the often unknown roles of genomics-identified isoenzymes, all human isoenzymes are included in Figure 3 when there is evidence that at least one isoenzyme can catalyze the reactions with thiamine or its derivatives. In doing this, we would like to draw attention to possible roles of the isoenzymes, as shown in Figure 3, in thiamine metabolism. This may further help decipher their physiological significance, e.g., when the data on phenotypes of the mutated isoenzymes in humans may appear.
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FIGURE 3
 Enzymatic transformations of thiamine and its derivatives in the gut cells. (A) Schematic presentation of the reactions and available information on their catalysts. (B) The relative abundance of mRNAs for the enzymes of thiamine metabolism in different intestinal cells (colonocytes, enterocytes of ileum, enterocytes of jejunum) and in enterocyte organoids. The normalized mRNA signals are calculated as described in the legend to Figure 1 using the same datasets. The data are shown as mean ± SEM.


ThMP kinase, which produces ThDP through ThMP phosphorylation and is known in thiamine-synthesizing organisms, has not been identified in animals. Accordingly, to be transformed into ThDP by TPK, intracellular ThMP should first be dephosphorylated. ThMP hydrolysis is known to be catalyzed by prostatic acid phosphatase ACP3, which is localized to plasmatic membrane and linked to the antinociceptive action of thiamine and its derivatives (130–132). Cells of the gut express all isoenzymes of acid phosphatase (ACP), i.e., ACP 1–7 (Figure 3B). According to the UniProt database, these isoenzymes have diverse locations and substrate specificities, acting on protein phosphotyrosine residues and a number of alkyl, aryl and acyl orthophosphates of low molecular mass. ACP1 has cytosolic location, whereas ACP2 and ACP5 are lysosomal enzymes. ACP4 is a transmembrane protein with 50% homology to the prostatic and lysosomal acid phosphatases, highly expressed in the testis and involved in mineralization of tooth enamel (133, 134). ACP6 is mitochondrial, supposed to participate in lipid metabolism through its characterized activity of hydrolyzing lysophosphatidic acid (135). Based on similarity to ACP5, ACP7 is predicted to be a putative tartrate-resistant phosphatase, a member of purple acid phosphatase family of metallophosphoesterase superfamily. The most probable locations of ACP7 are supposed to be extracellular space and cytosol. Studies on substrate specificities of ACP isoenzymes 1–7 are scarce and fragmentary, not enabling a conclusion on their specific catalysis of ThMP hydrolysis. Additionally, the substrate specificity may differ in the isoforms of each gene product, arising due to posttranscriptional (alternative splicing) or posttranslational modifications. Hence, Figure 3 shows all of the ACP isoenzymes expressed in the gut as potential catalysts of ThMP hydrolysis.

A deficiency of acid phosphatase activity in the lysosomal fraction, presumably due to impairment of the ACP2 protein, manifests as intermittent vomiting, hypotonia, lethargy, opisthotonos, terminal bleeding and death in early infancy (136). Many of these symptoms are also present in the thiamine deficiency states (137), supporting involvement of ACP2 in thiamine metabolism. Pathogenic mutation of the tartrate-resistant acid phosphatase ACP5 leads to a strong predisposition to autoimmune diseases, associated with the accumulation of phosphorylated osteopontin, involved in immune regulation and in bone resorption (138). As shown in the next sections, thiamine is tightly linked to immunity. Furthermore, both ACP5 (30) and a ThMP analog benfotiamine (139) are involved with Akt signaling. These lines of evidence favor catalytic activity of ACP5 in ThMP hydrolysis.

Thiamine-specific phosphatases of the bovine brain synaptosomes have been studied by binding them to a thiamine-modified affine sorbent, followed by MS identification of the eluted proteins. Only bacterial paralogues of mammalian proteins with phosphatase activities are identified by the procedure, probably due to poor coverage of the bovine genome. According to the sequence and structural alignment of these identified phosphatases, an apyrase encoded by the ENTPD2 gene, that is expressed in different tissues, including colon and small intestine, may possess the ThDP phosphatase activity in mammals (140). Apyrases, or ectonucleoside diphosphohydrolases, may catalyze hydrolysis of triphosphonucleotides to their monophosphates. Furthermore, these membrane-bound and soluble hydrolases may also act as monophosphatases of the diphosphonucleotides, catalyzing the hydrolysis of ThDP to ThMP (Figure 3).

Thiamine triphosphate is a non-coenzyme derivative of thiamine, probably involved in acetylcholine neurotransmission (141–143). Unlike the substrate-specific enzyme that hydrolyzes ThTP, synthesis of ThTP is currently known to be catalyzed only by the enzymes producing ATP through ADP phosphorylation. That is, ThTP is synthesized by adenylate kinase 1 (AK1) in cytoplasm and by F1Fo-ATP synthase in the mitochondria (140). Mitochondrial ThTP synthesis is tissue-specific and involves an unidentified regulator of F1Fo-ATP synthase linked to pyruvate oxidation (140). Other isoenzymes of AK, shown in Figure 3, are expressed in the gut, having different cellular locations. Their ability to synthesize ThTP and the substrate specificity has not been tested.

The adenylated form of ThTP (AThTP) is found in mammalian tissues, but the enzyme(s) of its synthesis lose their activity during purification, and this interferes with their identification (140). Levels of ThTP and AThTP are higher in fast growing, non-differentiated cells, highlighting the significance of these thiamine derivatives in cellular differentiation (144).

Metabolic transformations and known roles of thiamine and its different natural derivatives are summarized in Table 2.



TABLE 2 Metabolism and roles of thiamine and its derivatives in gastrointestinal system.
[image: Table summarizing thiamine compounds, their roles in the gastrointestinal system, and their chemical transformations. Rows include thiamine, ThMP, ThDP, and ThTP with adenylated ThTP. Each row details transport processes, metabolic roles, and key enzymatic transformations involved.]




5 Transcriptomics of the enterocytes before and after gastric bypass implies increased thiamine demand in humans long term after the bypass

Thiamine deficiency often develops after bariatric surgery, including gastric bypass (145–147). Independent published data provide transcriptomics analysis of the enterocytes at one (15–45 days) (148) and 6–9 (115) months after gastric bypass. We have used these data to answer the question of what happens to thiamine-dependent metabolism after gastric bypass. To compare the levels of mRNAs for proteins involved in thiamine-associated metabolism across different experiments, they are normalized to the summarized transcripts of GAPDH+ACTB+TUBA1A, as described previously (149). The normalized levels are shown as averages between the datasets before and after gastric bypass (Figure 4), and in each of the analyzed datasets (Figure 5). As seen from Figures 4, 5, no gross changes are observed in human jejunum enterocytes 1 month after gastric bypass, similar to findings in the mouse model of the bypass, where an initial metabolic perturbation in response to the surgery, manifesting on the 9th day, is reversed to the control state 2 months post-bypass (148). However, a comparison of either the average transcript levels (Figure 4A), or separate datasets of human enterocytes (Figure 5A) reveals minor, but consistent decreases in transcripts for ALPI > SLC19A1 ≈ OGDH ≈ HACL1 > SLC22A5 1 month after the bypass, suggesting a decrease in thiamine-dependent metabolism.
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FIGURE 4
 Changes in the averaged levels of mRNA for proteins of thiamine-dependent metabolism after gastric bypass. The relative abundance of mRNAs for the ThDP-dependent enzymes, thiamine transporters and enzymes of thiamine metabolism in jejunum enterocytes before and after gastric bypass is shown. The normalized mRNA signals are calculated as described in the legend to Figure 1. The data are shown as mean ± SEM. (A) Experiment GSE113819 {Platform GPL17586 (HTA-2_0) Affymetrix Human Transcriptome Array 2.0 [transcript (gene) version], 5 datasets for enterocytes before bypass: GSM3120595, GSM3120597, GSM3120599, GSM3120601, GSM3120603 - and 5 datasets for enterocytes 1 month after bypass: GSM3120594, GSM3120596, GSM3120598, GSM3120600, GSM3120602}. (B) Experiment GSE214758 [Platform GPL20795, HiSeq X Ten (Homo sapiens), 9 datasets for enterocytes before bypass: GSM6615629, GSM6615631, GSM6615633, GSM6615637, GSM6615641, GSM6615643, GSM6615645, GSM6615647, GSM6615649 - and 9 datasets for enterocytes 6–9 months after bypass: GSM6615630, GSM6615632, GSM6615638, GSM6615640, GSM6615642, GSM6615644, GSM6615646, GSM6615648, GSM6615650].


[image: Two clustered heatmaps show normalized mRNA expression of genes in enterocytes at two timepoints after bypass surgery: panel A presents 1 month, and panel B shows 6 to 9 months. Genes are on the x-axis, sample IDs on the y-axis, with colors indicating upregulation (red) and downregulation (blue) per the provided scale. Hierarchical clustering reveals differences in gene expression patterns between the two timepoints. Legends clarify sample groups and normalization.]

FIGURE 5
 Heatmaps showing transcriptomics changes in the thiamine-dependent metabolism after gastric bypass. The transcriptomics experiments are identified in Figure 4. The normalized mRNA signals for the enzymes of thiamine-dependent metabolism in jejunum enterocytes before and after gastric bypass are shown in decimal logarithm scale according to the color code legend accompanying each heatmap. The heatmaps are produced using R program. (A) The normalized mRNA signals before and 1 month after gastric bypass. (B) The normalized mRNA signals before and 6–9 months after gastric bypass. The dataset GSM6615633 is excluded, as many transcripts are not identified in this experiment.


Clusterization of transcript levels groups the transcripts according to their expression level and coincidence of the variations in different datasets (Figure 5). For instance, cluster 1a in Figure 5A comprises proteins whose transcript levels are higher than those of proteins in cluster 1b. Interestingly, each of the clusters comprises one of the well-characterized thiamine transporters: SLC19A3 shares the cluster 1a with thiamine/ThDP-dependent proteins of higher expression, while SLC19A2 shares the cluster 1b with thiamine/ThDP-dependent proteins of lower expression. Overall, the three well-defined clusters 1a, 2c, 2d comprise transcripts of the high, low and intermediary levels of expression, correspondingly. Transcripts of the thiamine/ThDP-dependent proteins which are most obviously decreasing 1 month after the bypass (Figure 4A, gene names in bold in Figure 5A) belong to the proteins with the high (ALPI, OGDH, HACL1, SLC22A5 in cluster 1a) or intermediary (SLC9A1in cluster 2d) expression (Figure 5A). Increasing levels of clusterization (2, 3 etc.) group proteins of increasing transcriptional coincidence, i.e., proteins whose transcript levels show coupled variations across the datasets. For instance, despite the overall similarity between the transcription profiles before and 1 month after the bypass, the transcripts show featured variations in each of the cluster 2a or 2b. In particular, variations in the transcripts for the ThDP-dependent enzymes with relatively high enterocytic expression, i.e., OGDH, HACL1 and PDHA1, are coupled with those in the transcripts for ALPI and ThDP transporter SLC44A4, all belonging to the cluster 2b including the three proteins with decreased transcripts 1 month after the bypass (Figure 5A in bold). The cluster 2a includes proteins with a lower, compared to the cluster 2b, expression, with the decreasing transcriptional level of SLC22A5 1 month after the bypass coupled to the variations of BCKDHB and SLC19A3 transcripts (Figure 5A). Reduced folate/ThDP exchanger SLC19A1, demonstrating decreased transcript levels 1 month after the bypass, shares the cluster (3 g) with mitochondrial ThDP transporter SLC25A19, ThTPase and BCKDHA (Figure 5A).

In contrast to the transcriptomic pattern 1 month after the bypass, human jejunum enterocytes 6–9 months after the bypass exhibit significant perturbations in their transcriptomics profiles (115). In particular, significant changes in the levels of transcripts of genes encoding TCA cycle enzymes and associated proteins are observed (115). In good agreement with this finding, our analysis of the selected transcripts characterizing thiamine-dependent metabolism, shows an overall increase in the transcripts for the related proteins (Figures 4, 5). In particular, up-regulation of the transcripts for the rate-limiting enzyme of the TCA cycle, 2-oxoglutarate dehydrogenase (OGDH), and for the TCA-cycle-affiliated proteins, such as subunits of pyruvate dehydrogenase (PDH) and branched chain 2-oxo acids dehydrogenase (BCODH) is observed. The upregulation of ThDP-dependent DHTKD1 protein 6–9 months after the gastric bypass surgery (Figures 4B, 5B) is similar to the long-term increase of DHTKD1 protein observed after another type of surgical intervention (laminectomy) (48). In accord with the upregulated expression of all the ThDP-dependent dehydrogenases, transcripts of the thiamine/ThDP transporters and the major producer of ThDP from thiamine, i.e., thiamine diphosphokinase (TPK), as well as probable ThMP phosphatase ACP1, also undergo a long-term upregulation (Figure 4B).

Heatmap in Figure 5B shows that the first level of clusterization results in separating the ThDP-dependent TKT in cluster 1a from all the other ThDP-dependent enzymes, combined in cluster 1b. That said, the homooligomeric ThDP-dependent enzymes participating in metabolism of glucose and amino acids, i.e., TKT, OGDH, DHTKD1, preserve their cluster partners in both of the studied experiments. TKT has a common cluster (2d in Figures 1A, 5A in Figure 5B) with ThTPA and SLC19A1; OGDH shares its cluster (1a in Figures 5A,C in Figure 5B) with SLC44A4 and SLC19A3; DHTKD1 keeps associated with SLC19A2 and SLC22A4 (clusters 3 h in Figures 5A,D in Figure 5B). For the heterooligomeric ThDP-dependent enzymes, i.e., PDH and BCOADH, the cluster partners of the subunits α and β may be switched. For instance, OGDH shares the cluster 3d with PDHA1 in Figure 5A, while in Figure 5B OGDH occupies the same cluster 5c with PDHB, while PDHA1 is moved to the DHTKD1-comprising cluster 5d. BCKDHB partners with ALPI in the cluster 1a in Figure 5A, but the ALPI partner in cluster 4e of Figure 5B is BCKDHA. As a result, a comparison of the two independent transcriptomics experiments reveals stable associations between specific proteins of thiamine/ThDP metabolism and ThDP-dependent enzymes in enterocytes.

The observed upregulation of not only the ThDP-dependent dehydrogenases limiting and feeding the TCA cycle, but also the thiamine transporters and ThDP-producing enzyme TPK1 (Figures 4B, 5B), may compensate for decreased levels and/or increased demands of thiamine in enterocytes 6–9 months after gastric bypass, facilitated by the higher expression of the proteins binding thiamine or ThDP. Indeed, increased activities of ThDP-dependent dehydrogenases (assayed in vitro) are known as a compensatory response to their in vivo inhibition (38, 150). Cellular exposure to TD strongly stimulates OGDH activity upon the following incubation with ThDP (29). Hence, the upregulation of the thiamine/ThDP-dependent protein transcripts 6–9 months after gastric bypass (Figures 4B, 5B) maybe a biochemical indicator of thiamine insufficiency in the enterocytes. Remarkably, the upregulation is observed after initial decrease in the five thiamine/ThDP-dependent proteins 1 month after the bypass (Figures 4A, 5A).

According to the overall transcriptomics analysis of the long-term (6–9 months) changes in jejunum enterocytes after the bypass (115), there are interactions between the TCA cycle gene cluster and other significantly affected pathways that include genes linked to the cell cycle G2/M DNA damage checkpoint regulation. The DNA damage checkpoint is also involved in cellular repair and differentiation (151). Strong involvement of thiamine transporters in the differentiation of enterocytes is suggested by approximately 6-fold higher thiamine uptake, corresponding to elevated expression of SLC19A2 and SLC19A3, in the differentiated jejunum epithelial cells of the villi, compared to the non-differentiated jejunum epithelial cells of the crypt (152). Positive action of high doses of thiamine under metabolic perturbations including surgeries (48, 115, 149, 153–155) suggest that cellular protection and/or repair requiring cell differentiation, increase demand of thiamine. After surgical perturbations in enterocytic integrity, elevated cellular growth and differentiation, which occur within days, is followed by temporal organ-specific adaptations to the bypass (148). Both phases are characterized by high metabolic demands. If the increased demand is not met by the increased thiamine supply, a state of TD may easily follow, first in enterocytes, and after some period at the level of organism, most often manifested as Wernicke encephalopathy (145–147). Thus, bariatric surgery-induced upregulation of thiamine-dependent metabolism in jejunum (Figures 4B, 5B) may manifest metabolic remodeling addressing insufficient levels of thiamine in post-bypass enterocytes.



6 Molecular basis of the thiamine-induced improvements in gastrointestinal disorders

As mentioned above, despite the direct exposure of the gastrointestinal system to nutritional supply, this system often exhibits thiamine-responsive dysfunctions even when no known TD signs are evident in other tissues. The essential role of ThDP in mitochondrial energy production (Figure 1) is universal for all tissues and therefore can hardly explain specific and primary vulnerability of the gastrointestinal system. This energetic role is usually considered in the context of the specific vulnerability to TD of tissues with high energy demand, such as the heart and the brain. These tissues are considered to be the last to decrease their thiamine content during TD and the first to replete it upon thiamine administration, with the liver serving as the thiamine depot for other tissues (156). Nevertheless, if drugs inhibit ThDP-dependent enzymes, as, e.g., omeprazole does (157), direct exposure of the gastrointestinal system to oral drugs may increase its vulnerability compared to other tissues. Based on currently available data, we also suggest several other origins of TD restricted to the gastrointestinal system.

First of all, the dual role of the gastrointestinal system - dedicated not only to nutrient absorption from the lumen, but also to their supply to other tissues via the blood - may present one of the reasons for the intestine-specific susceptibility to TD. That is, the function of the gastrointestinal system requires a balance between thiamine absorption and its supply to other tissues. Mechanisms controlling the balance between the two processes are not well characterized. However, as shown above in the analysis of thiamine/ThDP-dependent metabolism in enterocytes after gastric bypass, increased thiamine demand by other tissues may impair the thiamine status of the gastrointestinal system.

Furthermore, a major difference between the gastrointestinal system and other tissues is the gut microbiome. It is important to note that microbes can synthesize not only thiamine but also thiamine antagonists. This may occur as part of natural metabolism (158) or when microbes are exposed to drugs that undergo aberrant reactions, such as metronidazole (159–161). Microbial enterotoxins alter gene expression in the gut epithelium, leading to enteropathies (162). Proinflammatory cytokines inhibit enterocytic thiamine uptake at the transcriptional level (163). Thiamine transport is also significantly reduced by bacterial lipopolysaccharide and in sepsis (163, 164). Yet another mechanism contributing to the specific vulnerability of the gastrointestinal system to TD may involve the gut-brain axis, which depends on vagal tone and acetylcholine neurotransmission, for which thiamine co-release is known (165–167). In addition to the parasympathetic regulation, acetylcholine is currently suggested to be a paracrine signal of peripheral tissues, particularly in pancreas and epithelial cells (168, 169).

Below, data on molecular mechanisms underlying thiamine-responsive gastrointestinal dysfunctions are considered in more detail.


6.1 Exposure of the intestine to bacterial enzymes degrading thiamine or producing thiamine antagonists

Abnormal proliferation of gut bacteria in the upper small intestine, defined by the term ‘small intestinal bacterial overgrowth’ (SIBO), is associated with symptoms such as bloating, abdominal pain, excessive foul-smelling flatulence, constipation and/or diarrhea. The etiology of SIBO is varied and complex, with relapse commonly occurring after conventional treatment. Research suggests that SIBO is involved in up to 78% of irritable bowel syndrome (IBS) cases, the most commonly diagnosed disorder of gastrointestinal motility (170). SIBO has been associated with dysfunctional intestinal motility, characterized by inadequate peristaltic action of gastrointestinal smooth muscle (171–174), hypochlorhydria, and pancreatic exocrine insufficiency (175). As mentioned above, such symptoms are often responsive to thiamine administration. A link between SIBO and TD is provided by the notion that SIBO may increase bacterial transformations of thiamine, which are far more variable than those in mammals. In particular, this concerns the action of bacterial thiaminases I and II, which catalyze biosynthesis of thiamine antagonists or thiamine degradation, respectively. Thiaminase I catalyzes the substitution of thiamine heterocycles with catalytically inactive heterocycles from xenobiotics. For instance, in the presence of the antibiotic metronidazole, thiaminase I substitutes the thiazolium ring of thiamine with the imidazolium ring of metronidazole, resulting in a thiamine antagonist which can inhibit TPK (160). Microbes also synthesize naturally occurring thiamine antagonists, such as 2’-methoxyThDP (158). Thiaminase II degrades thiamine, splitting it into two heterocycles. Immobilized thiaminase II has been applied as an anticancer approach to deplete thiamine in cancer cells (176). Thiaminase II in fern extracts exerts an effect on neurotransmission which, similar to that of the thiamine antagonist pyrithiamine, can be counteracted by the addition of thiamine (177). It may thus be suggested that direct exposure of the gut to the microbiome - capable of synthesizing thiamine antagonists or possessing thiamine-degrading thiaminase II - may first of all affect the gut, leading to gastrointestinal beriberi, especially under conditions of SIBO or other disturbances of the gut microbiome. If these conditions are not treated, TD may spread from the gastrointestinal system to other tissues, as observed in metronidazole-induced encephalopathy (159).



6.2 Thiamine supports intestinal barrier integrity

Disturbed intestinal barrier function has been increasingly studied in recent years and is now widely recognized as a prominent feature of many chronic diseases, pertaining not only to the gut (178), but also to neurological, psychiatric, cardiovascular, and autoimmune conditions. Increased intestinal permeability can facilitate the entry of food antigens, bacteria and bacterial components into systemic circulation, which are thought to provoke systemic inflammatory responses. The intestinal epithelial barrier shares several key morphological and functional characteristics with the blood–brain barrier. The tight junctions of both structures are composed of transmembrane proteins such as claudin, occludin, zonula occluden (ZO), and endothelial cell-selective adhesion molecules. Thiamine is necessary for maintaining intestinal epithelial cell bioenergetics, and reduced activity of thiamine-dependent enzymes may lead to a defective gut barrier (34). TD is known to disrupt the blood brain barrier, featuring loss of occludin, ZO-1 and ZO-2 (179, 180). It is therefore possible that similar mechanisms could be at play in the gastrointestinal tract. Notably, TD leads to disturbed expression of junction protein subtypes in Ctenopharyngodon idella (181). Moreover, thiamine administration enhances claudin-1, claudin-4, ZO-1, and occludin in ruminal epithelium (22). Thiamine facilitates the protective action of secretory IgA against immunogenic threats in enterocytes (182). The prevention of intestinal barrier dysfunction by secretory IgA, along with its immunomodulatory properties, may play a role in IBD, including ulcerative colitis and Crohn’s disease (183). Poor thiamine status is frequently reported in IBD, mostly assumed to be a consequence of malabsorption (184–187). TD aggravates ulcerative colitis in mice, associated with the promoted infiltration of proinflammatory M1 macrophages into colonic lamina propria (188). The underlying mechanism is TD-induced impairment of PDHC activity, which causes remodeling of glucose metabolism in the macrophages.

Other mechanisms may also contribute to IBD, too. In particular, IBD is associated with hypoxia in enterocytes (189). Hypoxia has recently been shown to downregulate thiamine transporters in a colonic cell line, impairing the thiamine uptake that results in a localized intracellular deficiency (190). Alkaline phosphatase of the brush border of the intestines, which participates in thiamine transport (Figure 2), plays protective roles against pathogenic infection (191) and bacterial toxins (LPS) in the gut, and may counteract inflammation (192).

A combination of exogenous and endogenous factors is known to influence intestinal barrier function, including both acute and/or chronic immune dysregulation (193). TD may induce negative developments in the gastrointestinal system, which can be counteracted by thiamine supplementation. By normalizing or increasing the efficiency of glucose metabolism, thiamine decreases the degradation of amino acids as energy substrates and increases protein synthesis, which is essential for maintaining tight junctions and intestinal barrier integrity (194). Remarkably, TD in rats causes a 42–66% reduction of brush border enzyme activities and a 20% reduction in intestinal weight with significant thinning of the microvillus membrane (195). This may be the result of disturbed function of the ThDP-dependent 2-oxoglutarate dehydrogenase (Figure 1), as a universal effect of its inhibition is perturbation in relative amino acid abundance and a subsequent decrease in protein synthesis (196, 197). In turn, villous atrophy can impair nutrient absorption and is one of the primary mechanisms underpinning extensive nutritional deficiencies found in Celiac and inflammatory bowel diseases (198). Furthermore, atrophy and inflammation of mucosal surfaces in the gut are documented in experimental TD (82), and high doses of thiamine have been trialed in two studies showing that thiamine reduced fatigue associated with IBD (199, 200).



6.3 Thiamine and intestinal inflammation

Thiamine is considered a natural anti-inflammatory compound (201). Studies in both goats (202) and cows (203) indicate that thiamine has anti-inflammatory effects on the ruminal epithelium, ameliorating in particular the intestinal inflammation and barrier permeability caused by high-concentrate diet (27). As considered in Section 3 above, thiamine affects the composition of symbiotic microbiota, and ThDP-dependent bacterial butyrate synthesis in particular. Knockouts of the ThDP transporter SLC44A4 in mice display an upregulation of genes associated with colonic inflammation, and increased susceptibility to dextran sodium sulfate-induced colitis, accompanied by significant weight loss and shortening of the colon (204).

A number of positive anti-inflammatory actions of thiamine include activation of Nrf2 and decreased ROS levels, enhanced activity of mitochondrial respiratory chain complexes I-IV, downregulation of endoplasmic reticulum stress, and suppression of gene expression associated with mitophagy, oxidative stress, and proinflammatory cytokines (205). Remarkably, the antioxidant effects of thiamine, including Nrf2 activation, are observed even when the thiamine disulfide forms— which should decrease cellular redox potential— are administered (206). These pharmacological forms, such as sulbutiamine or TTFD, may penetrate cell membrane better than thiamine. Inside the cells, they are reduced, particularly by the thioredoxin and glutaredoxin system, simultaneously stimulating antioxidant defense through Nrf2 activation (206). One may suggest that Nrf2 activation is specific to the disulfide forms of thiamine, not inherent in thiamine itself, as only the thiamine disulfides undergo intracellular reduction. The associated shift in the cellular redox state may cause the activation of Nrf2, leading to this additional positive effect on metabolism of high doses of thiamine disulfides, compared to thiamine. The Nrf2 activation along with the thiamine formation may explain why high doses of the thiamine disulfides, expected to decrease cellular redox potential, do not have any negative action even upon the long-term administration (155).

By maintaining integrity of the intestinal barrier via complex mechanisms, the vagus nerve and its major neurotransmitter, acetylcholine (ACh), play a crucial role in coordinating adaptive neural and endocrine responses of the gastrointestinal system, including those against infection and inflammation (207). SIBO and intestinal hypomotility are highly prevalent in patients with anti-ACh receptor antibodies (208, 209).



6.4 Acetylcholine-dependent mechanisms of thiamine action in gastrointestinal disorders

Many independent data associate gastrointestinal disorders with perturbed ACh signaling. ACh exerts tonic effects to maintain constriction of the lower esophageal sphincter, with ACh signaling compromised in a rat model of gastrointestinal reflux disease (210). Drugs which block the action of ACh can cause abnormal relaxation of the sphincter and reflux (211). The anti-cholinergic agents atropine and papaverine induce constipation in animals (23). In contrast, preserving ACh levels through acetylcholinesterase inhibitors improves gastrointestinal reflux disease (212). Pro-cholinergic pharmacological agents also provide symptomatic improvement in FGIDs (213, 214). Pharmacological forms of thiamine exhibit interactions with the ACh-dependent effects. That is, TTFD prevents the gut paralysis induced by atropine or papaverine (23), while sulbutiamine promotes cholinergic neurotransmission, potentiating the action of ACh esterase inhibitors (215). Interestingly, structure of an inhibitor of ACh esterase, acotiamide (brand name acofide), approved in Japan as a prokinetic motility drug against functional dyspepsia (216–218), combines the two heterocycles, one of them thiazole, that may be considered as structural mimics of the thiazolium and aminopyrimidine heterocycles of thiamine.

An intimate relationship between thiamine and cholinergic neurotransmission relies on both the coenzyme and non-coenzyme actions of thiamine and its derivatives. In cholinergic cells, the ThDP-dependent pyruvate dehydrogenase complex synthesizes the ACh precursor acetyl-CoA (Figure 1) (219, 220). Distribution of this acetyl-CoA between the oxidation in the TCA cycle and participation in ACh synthesis is regulated through limitation of the TCA cycle rate by the ThDP-dependent OGDH, and the non-coenzyme action of thiamine and derivatives on the other enzymes involved (221). TD-perturbed function of ThDP-dependent dehydrogenases of TCA cycle (Figure 1) is a well-known contributor to impaired synthesis of ACh (219). The ensuing mitochondrial dysfunction of cholinergic cells increases their susceptibility to different insults (222–224). In particular, neurons of the gastrointestinal system are highly sensitive to oxidative stress (219, 225, 226), which is a general hallmark of TD (227). Cytosolic oxidative stress can inactivate nicotinic ACh receptors in neurons, decreasing ACh-evoked currents (228). Oxidative stress is considered to contribute to the pathophysiology of IBD (229, 230).

Independent of metabolic action as the coenzyme ThDP, thiamine is essential for axonal membrane excitability, playing a significant role in development of the action potential (231). This non-coenzyme action of thiamine in neuronal signaling is further supported by the identified molecular targets of thiamine and its non-coenzyme derivative ThTP. ThTP-dependent phosphorylation of rapsyn regulates ACh neurotransmission, as rapsyn is a scaffolding protein of the post-synaptic membrane of neuromuscular junctions, specifically associated with nicotinic ACh receptors (232). Hydrolysis of ThTP by synaptic membrane-bound protein(s) different from the well-characterized soluble ThTPase of cytosol, is supposed to be involved with synaptic function (233, 234). Thiamine binds to a bitter taste receptor, which modifies ileum contraction (235) and provokes ACh-induced contraction of jejunum (236). At a high concentration (0.05 mM), thiamine also binds to an isolated nicotinic ACh receptor (237). Probably, the low binding affinity is an artifact of the receptor isolation, as the physiologically relevant affinity of thiamine to the receptor may require protein–protein interaction within the native structure of the synapses. The non-coenzyme action of thiamine in neurotransmission is further supported by the action of the thiamine analog oxythiamine, whose diphosphorylated derivative (oxyThDP), formed by TPK in vivo, is an antagonist of the coenzyme action of thiamine. As a result, oxyThDP inhibits ThDP-dependent dehydrogenases, whose function is required for ACh synthesis, particularly pyruvate dehydrogenase complex generating ACh precursor acetyl-CoA (Figure 1). However, in superfused rat brain slices, oxythiamin enhances the release of synaptic acetylcholine, thus mimicking the non-coenzyme action of thiamine in facilitating ACh neurotransmission (238).

ACh is a major neurotransmitter of vagus nerve, coordinating the brain-gut axes (239). Vagus nerve stimulation can lead to gastrointestinal improvements (240), e.g., can increase gastric emptying through acting on the pyloric sphincter (241) and may be a treatment for gastroparesis (242). Potentiation of ACh release through transcutaneous vagal neuromodulation is known to enhance gut motility, reduce inflammation by suppressing TNF-α, and preserve epithelial tight junction integrity through the activation of enteric glial cells (243). The data indicate that TD-perturbed ACh synthesis and neurotransmission in vagus nerve may induce gastrointestinal dysfunction. However, in this case ACh synthesis and signaling are controlled by neurons of central nervous system. As discussed above, sufficient levels of thiamine in the brain are supported at the expense of other tissues, causing TD in these other tissues long before the TD occurs in the brain. Hence, when TD is limited to the gastrointestinal system, the pathology-relevant perturbation of ACh signaling may rather be expected in the enteric nervous system (ENS). ENS may regulate gastrointestinal function both with and without the input of central nervous system (244–246). In particular, the independent function of ENS is manifested in the intestinal peristaltic reflex.

ACh is a primary neurotransmitter of different types of ENS neurons, i.e., intrinsic primary afferent neurons, excitatory motor neurons, and interneurons (245). The thiamine-induced increases in contractions of the intestine smooth muscle and peristalsis, observed in a number of independent in vitro experiments on muscle strips of gastrointestinal tract (207, 219–222), support the action of thiamine on ACh signaling in ENS in the absence of central regulation (236). Synaptic co-release of thiamine and ACh, with thiamine facilitating the neurotransmission through its non-coenzyme action, is known from the early works of Minz and von Muralt on neuromuscular junctions (143, 165–167). In accordance with these observations, addition of thiamine and ThMP modulate synaptic transmission, electric and contractile activity of the smooth muscle strips from gastrointestinal tract (247). Thiamine hydrochloride, thiamine nitrate, thiamine propyldisulfide, TTFD, and some other experimental derivatives increase peristalsis of isolated sections of small intestine from rat (248). In isolated sections of murine jejunum and ileum, thiamine regulates parameters of the ACh-induced contraction in the concentration-dependent manner (236). In isolated duodenal and jejunal segments from cats, dogs, rabbits and guinea pigs the thiamine disulfide derivative TTFD exerts an excitatory effect on motility; sensitivity of the effect to an antagonist of muscarinic acetylcholine receptor atropine suggests involvement of the ACh neurotransmission (249). All forms of thiamine including thiamine hydrochloride, S-benzoyl thiamine disulfide, TTFD, increase contractions of isolated segments of small intestine (248).

In human patients with chronic enterocolitis and colitis, thiamine-induced increases in motor activity of stomach, small and large intestine are detected by electrogastrography and balloon-kymography, with no similar effects of vitamins B6, B12 and C (250). In animal models, TTFD can stimulate intestinal peristalsis within a few minutes after administration, also when mesenteric nerves are cut (251, 252). Intravenous administration of TTFD induces a slight increase in tone and a remarkable increase in the amplitude of rhythmic contractions in the jejunal loop of both non-anesthetized and anesthetized dogs for 20 min (253). TTFD applied topically inside the lumen of the intestine can also elicit such excitation effect (249). Nevertheless, in some studies on TTFD, percent weight gain was lower in the TTFD group (254). Two possible explanations for this effect are proposed: (1) reduced food intake due to an irritant effect of the treatment on the gastrointestinal tract (255, 256) or (2) a stimulant effect of TTFD on metabolism via enhanced noradrenaline secretion and thermogenesis (257).

ACh signaling in non-neuronal cells, employing the nicotinic and muscarinic ACh receptors, is comparable to ACh neurotransmission (168, 169). Therefore, ACh signaling in non-neuronal cells is another process potentially affected by TD before the deficiency develops into the well-known dry or wet beriberi. Glial cells of ENS are stimulated by ACh (245). In mammalian intestine, ACh regulates sodium currents in the apical and basolateral membranes (168). In human pancreas, ACh synthesized by alpha-cells is suggested to activate beta-cells (169). Other in vivo actions of ACh in pancreas may be linked to its high thiamine content (89). As considered in Section 3, TD in pancreas strongly affects gastrointestinal function. Perturbed ACh signaling by pancreatic cells under TD may contribute to gastrointestinal dysfunction in addition to insufficient pancreatic synthesis of the enzymes needed for digestion.

Thus, cholinergic neurotransmission and ACh-dependent regulation of non-neuronal cells employ ThDP coenzyme function for ACh synthesis and non-coenzyme action of thiamine in ACh signaling. Both may be impaired by TD, contributing to gastrointestinal dysfunction.




7 Conclusion

Various lines of evidence at the molecular level and in model systems provide a mechanistic basis for a number of observations at the physiological level, where thiamine supplementation alleviates gastrointestinal dysfunction, suggesting that insufficient levels of thiamine may underlie this dysfunction. The specific vulnerability of the gastrointestinal system to TD, in the absence of more common signs of wet and dry beriberi, may arise from direct exposure of this system to the gut microbiome and oral drugs, along with the continuous need to redistribute thiamine to other tissues. Cholinergic neurons of the enteric nervous system, which interact closely with gastrointestinal epithelial cells, as well as ACh signaling in non-neuronal cells such as enteric glia and pancreatic cells, depend on the essential role of thiamine in ACh production and the facilitation of ACh signaling. These mechanisms collectively contribute to the unique vulnerability of the gastrointestinal system to TD, even in the absence of classic forms of TD such as dry and wet beriberi. The multitude of proteins involved in mammalian metabolism and function of thiamine is not fully characterized. However, available data point to a much greater complexity of thiamine metabolism and its physiological significance, as commonly considered. This complexity must still be addressed by the identification of all genes involved. Individual differences in genetic variants of the thiamine-dependent proteins, in combination with environmental factors, may underlie personal vulnerabilities to thiamine deficiency, manifesting in an ever-increasing variety of clinical presentations.
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Background: Regular monitoring and follow-up of patients with metabolic dysfunction-associated fatty liver disease (MAFLD) are of paramount importance in ensuring effective management of the condition. The ALI was assessed as a composite measure reflecting nutritional status and systemic inflammation. It was calculated as body mass index (BMI) (kg/m2) × serum albumin (g/dL)/neutrophil-to-lymphocyte ratio (NLR). Our study aims to find the relationship between advanced lung cancer inflammation index (ALI) levels and the prognosis of patients with MAFLD and to determine the predictive value of ALI in this context.
Methods: Multivariate-adjusted Cox regression models were used to analyze the association between ALI and all-cause, cardiovascular, cancer, and diabetes-related mortalities in patients with MAFLD. Kaplan–Meier curves showed the association of ALI with all-cause and cardiovascular mortalities in patients with MAFLD. Follow-up time for this study was calculated from the date of examination to the date of death or to 31 December 2019, and mortality was ascertained using the International Classification of Diseases, 10th Revision codes. Restricted cubic spline (RCS) analysis was conducted to assess the potential non-linear relationship between ALI level and MAFLD prognosis. The predictive ability of ALI was observed using receiver operating characteristic (ROC) curves. Stratified and sensitivity analyses were used to enhance the reliability and robustness.
Results: This study included 2,908 patients with MAFLD from the National Health and Nutrition Examination Survey (NHANES) database between 2003 and 2018. The median follow-up period for the 2,908 participants was 10.3 years, during which 636 deaths occurred. In the Cox regression model, the HRs (95%CIs) for all-cause, cardiovascular, cancer, and diabetes-related mortalities in the last quartile compared to the first quartile of ALI levels were 0.62 (0.44–0.85), 0.25 (0.14–0.45), 0.96 (0.51–1.81), and 0.69 (0.25–1.92), respectively. RCS analysis demonstrated a L-shaped non-linear association between ALI levels and both all-cause and cardiovascular mortalities in participants with MAFLD. Subgroup analyses highlighted population heterogeneity in the relationship between ALI and MAFLD prognosis. ROC curve analysis showed that ALI had strong predictive power for all-cause and cardiovascular mortalities, with area under the curve values of 0.80 (0.77–0.83) and 0.82 (0.74–0.89), respectively.
Conclusion: There was an L-shaped nonlinear association of the protective effect of ALI: when the indicators are below specific thresholds (all-cause mortality 71.48, cardiovascular mortality 68.54), a higher ALI was significantly associated with reduced mortality risks in MAFLD patients; otherwise the protective effect tended to be consistent. ALI exhibits a robust predictive capability for all-cause and cardiovascular mortalities among participants with MAFLD, providing a valuable prognostic tool for optimizing patient management. We recommend early surveillance and management of patients with MAFLD to improve patient survival.
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1 Introduction

Originating in 2020, metabolic dysfunction-associated fatty liver disease (MAFLD) was conceptualized to supersede the traditional term: non-alcoholic fatty liver disease (NAFLD). In 2023, metabolic dysfunction-associated steatotic liver disease (MASLD) was introduced as an updated nomenclature. A study showed (1) significant concordance across NAFLD, MAFLD, and MASLD classifications.

MAFLD is a widespread liver disease of significant global concern, affecting approximately one-third of the global population, with an increasing prevalence (2). In addition to liver-specific morbidity and mortality, MAFLD is associated with an elevated risk of extrahepatic conditions, including type 2 diabetes mellitus (T2DM), extrahepatic cancers (notably colorectal cancer), cardiovascular disease and chronic kidney disease. Therefore, this disease places a heavy burden on global health (3, 4). Identifying reliable prognostic markers for MAFLD is critical for enabling early intervention and effective disease management.

Chronic inflammatory responses have been identified as pivotal pathophysiological mechanisms that drive MAFLD initiation and progression, potentially through oxidative stress and insulin resistance (5–9). Persistent inflammation can exacerbate progressive extracellular matrix (ECM) deposition, a process closely associated with adverse outcomes such as liver failure, hepatocellular carcinoma, and death (10). Serum albumin is a key marker of nutritional status. Serum albumin level represents a potential biomarker for early hepatic failure and a possible predictor (11). Therefore, the prognosis of MAFLD patients is related to multiple factors. The advanced lung cancer inflammation index (ALI) combines the status of inflammation, albumin levels, and BMI levels, and can comprehensively assess their impact on the outcomes of MAFLD patients. Previous studies have also confirmed the prognostic value of ALI in chronic diseases.

Initially developed for evaluating the prognosis of lung cancer (12, 13), ALI has since been applied to other conditions, including hypertension (14), coronary artery disease (15), and various malignancies (16). Despite ALI’s widespread use, no study to date has explored its relationship with the prognosis of those with MAFLD. And our research has worked on this.



2 Materials and methods


2.1 Study population

This cohort study used data from the National Health and Nutrition Examination Survey (NHANES), which employs a stratified, multistage probability sample strategy to perform cross-sectional assessments of the health and nutritional status of the American people. An ethics review board from the National Center for Health Statistics authorized the NHANES protocol. Our analysis collected data from eight survey cycles, spanning 16 years, from 2003 to 2018. The procedure for including and excluding data is shown in Figure 1.

[image: Flowchart illustrating the selection of participants from NHANES 2003-2018 for a MAFLD study, detailing sequential exclusions based on missing data, eligibility criteria, clinical findings, and follow-up completeness, resulting in 2,908 analyzed participants.]

FIGURE 1
 Flowchart depicting the process of selecting the study population.




2.2 ALI scoring

ALI is a composite score that reflects both inflammation levels and nutritional status. A high value of ALI suggests a low level of inflammation and good nutritional. The formula for ALI is provided in Figure 2. The formula includes neutrophil-to-lymphocyte ratio (NLR), which is an indicator of inflammation.

[image: Three formulas are shown: ALI is defined as body mass index times serum albumin divided by neutrophil-to-lymphocyte ratio; NLR is neutrophil count divided by lymphocyte count; US-FLI and FLI are logistic regression equations combining several metabolic variables, each multiplied by one hundred.]

FIGURE 2
 The formula for ALI, NLR, US-FLI and FLI.




2.3 MAFLD diagnosis

Liver biopsy is the best way to diagnose MAFLD. However, its invasiveness, high cost, and potential complications limit its wide application (17, 18). Thus, non-invasive markers provide a more practical diagnostic approach. In this study, we employed the United States fatty liver index (US-FLI), a non-invasive marker developed and validated using the NHANES database, with a diagnostic area under the curve (AUC) of 0.80 (19). A US-FLI score of ≥30 was considered to have hepatic steatosis. The third equation in the Figure 2 shows the equation of the US-FLI. To verify the robustness of our results, we performed a sensitivity analysis using a widely validated marker: the Fatty Liver Index (FLI), with a diagnostic accuracy of 0.84 (20). An FLI score ≥60 was considered indicative of hepatic steatosis. The fourth equation in Figure 2 demonstrates the equation of the FLI.



2.4 Follow-up and outcomes

The mortality outcomes and classification were determined by linking to the National Death Index (NDI) records. The NDI provides detailed mortality data using standardized codes based on the International Classification of Diseases, Tenth Revision (ICD-10). The follow-up period was calculated from the date of examination to the date of death or the end of the follow-up period. The follow-up of participants in this study continued until December 31, 2019.



2.5 Covariates

Covariates were selected based on previous studies (21). These covariates included demographic characteristics [race, sex, age, education, and poverty-income ratio (PIR)], laboratory tests [high-density lipoprotein (HDL)-C levels, alanine transaminase (ALT), aspartate aminotransferase (AST), triglycerides (TG), and total cholesterol (TC)], other diseases [diabetes (DM), cardiovascular disease (CVD), and high blood pressure (HBP)], and behavioral factors (physical activity and smoking). Daily energy intake and Body mass index (BMI) were also included. Data from laboratory tests were analyzed as continuous variables, and the descriptions of the remaining covariates are shown in Figure 3. Age and PIR were grouped according to previous studies (22, 23). The cut-off values of BMI were determined based on the criteria of the World Health Organization (WHO).

[image: Table listing covariates such as age, gender, race, education, PIR, HBP, DM, CVD, smoke, activity, BMI, and daily energy intake, with detailed explanations for categorization or measurement methods for each variable.]

FIGURE 3
 The details of the covariates.




2.6 Statistical analysis

Categorical variables were represented as percentages (%), while continuous variables were summarized using the mean (standard error) or median (interquartile range). For data analysis, we used the chi-square test for categorical variables, t-test for normally distributed data, and Wilcoxon rank-sum test for skewed data. Weighted Cox proportional hazards models were employed to evaluate the association between ALI and mortality outcomes, including all-cause, cardiovascular, cancer, and diabetes-related mortalities. Kaplan–Meier survival curves were generated to visually depict the link between ALI and all-cause and cardiovascular mortalities.

To investigate if ALI and cardiovascular and all-cause deaths have a non-linear connection among people with MAFLD, we performed restricted cubic spline (RCS) testing. Subgroup analyses, stratified by education, race, sex, age, diabetes, hypertension, and cardiovascular disease, were conducted to examine the association between ALI and all-cause and cardiovascular mortalities in specific populations. For visual clarity, ALI values were rescaled to ALI/10 in the subgroup analyses. Finally, sensitivity analyses were performed to view the stability of the findings under various data processing scenarios.

The data was processed and analyzed using R version 4.3.0 and the Storm Statistical Platform. The threshold for statistical significance was p < 0.05.




3 Results


3.1 Baseline characteristics

The initial dataset included 80,312 participants. Those with missing data on ALI and US-FLI (n = 65,517), US-FLI scores <30 (n = 10,529), minors (n = 416), pregnant women (n = 40), individuals with hepatitis B (n = 11) or hepatitis C (n = 77), excessive alcohol consumption (n = 392), and missing survival outcomes or covariates (n = 422) were excluded, leaving 2,908 patients with MAFLD (Figure 1).

Participants were stratified into four quartiles based on ALI values: Q1 (ALI ≤ 49.53), Q2 (49.53 < ALI ≤ 68.54), Q3 (68.54 < ALI ≤ 90.99), and Q4 (ALI > 90.99). In Table 1, we can see that compared with participants in the lower ALI quartiles, those in the higher ALI quartiles were older, less likely to be obese, and had fewer non-Hispanic White individuals. They also had higher education levels, greater energy intake, and a lower prevalence of hypertension, diabetes, and cardiovascular diseases. Participants who had never smoked were more likely to have higher ALI values. The levels of HDL-C, ALT, AST, TG, and TC, as well as physical activity, were similar across the ALI quartiles, and the poverty-income ratio showed no significant differences among the groups.


TABLE 1 Baseline characteristics of the participants (N = 2,908).


	Characteristics
	ALI
	p



	Quantile 1
	Quantile 2
	Quantile 3
	Quantile 4



	<49.53
	49.53–68.54
	68.54–90.99
	>90.99

 

 	Participants, n 	727 	727 	727 	727 	


 	Energy intake, median (IQR), kcal/day 	1780 (1364.50–2409.50) 	1908 (1419.50–2534.50) 	1951 (1397–2,533) 	1992 (1460–2,624) 	0.006


 	HDL-C, median (IQR), mg/dL 	46 (39–54) 	44 (38–52) 	44 (38–51) 	44 (38–52) 	<0.001


 	ALT, median (IQR) U/L 	23 (18–31) 	25 (20–34) 	27 (21–37) 	27 (21–39) 	<0.001


 	AST, median (IQR) U/L 	24 (20–28) 	24 (20–29) 	25 (21–30) 	26 (22–32) 	0.004


 	TG, median (IQR), mg/dL 	132 (94–193) 	144 (105–202.5) 	151 (108–202) 	147 (101–218.5) 	0.004


 	TC, median (IQR), mg/dL 	186 (161–220.5) 	196 (170–222) 	195 (170–221) 	199 (173–226) 	<0.001


 	Gender, n (%) 	 	 	 	 	<0.001


 	Male 	58.84 	63.37 	58.40 	49.81 	


 	Female 	41.16 	36.63 	41.60 	50.19 	


 	Race, n (%) 	 	 	 	 	<0.001


 	Mexican American 	8.65 	11.20 	13.90 	14.91 	


 	Other 	9.91 	8.51 	10.00 	8.94 	


 	Non-Hispanic White 	78.89 	76.48 	70.28 	64.05 	


 	Non-Hispanic Black 	2.55 	3.81 	5.81 	12.10 	


 	Education, n (%) 	 	 	 	 	0.023


 	Less than high school 	23.35 	21.19 	21.21 	23.19 	


 	High school 	29.59 	22.93 	26.43 	23.58 	


 	Above high school 	47.06 	55.88 	52.36 	53.23 	


 	Hypertension, n (%) 	 	 	 	 	0.011


 	Yes 	55.38 	50.36 	47.60 	47.73 	


 	No 	44.62 	49.64 	52.40 	52.27 	


 	CVD, n (%) 	 	 	 	 	<0.001


 	Yes 	19.62 	10.92 	10.42 	9.35 	


 	No 	80.38 	89.08 	89.58 	90.65 	


 	DM, n (%) 	 	 	 	 	0.046


 	Yes 	19.70 	19.54 	17.64 	14.21 	


 	No 	76.48 	76.98 	79.75 	81.36 	


 	Unknown 	3.82 	3.48 	2.61 	4.43 	


 	Smoke status, n (%) 	 	 	 	 	<0.001


 	Former 	37.23 	32.18 	28.19 	29.00 	


 	Never 	41.36 	49.90 	53.63 	57.33 	


 	Current 	21.41 	17.92 	18.19 	13.67 	


 	Age, n (%) 	 	 	 	 	<0.001


 	≤39 	47.42 	33.88 	27.36 	24.43 	


 	40–59 	35.93 	43.71 	42.85 	42.88 	


 	≥60 	16.65 	22.41 	29.80 	32.69 	


 	PIR, n (%) 	 	 	 	 	0.327


 	<1 	44.19 	46.38 	47.17 	42.01 	


 	1–3 	40.85 	41.63 	39.37 	43.56 	


 	>3 	14.97 	12.00 	13.47 	14.43 	


 	BMI, n (%) 	 	 	 	 	<0.001


 	<25 	54.14 	66.79 	80.08 	80.87 	


 	25–29.9 	35.75 	30.00 	17.74 	17.86 	


 	≥30 	10.12 	3.21 	2.18 	1.27 	


 	Physical activity, n (%) 	 	 	 	 	0.008


 	Inactive 	60.54 	51.22 	56.34 	59.06 	


 	Active 	38.79 	48.30 	43.31 	40.77 	


 	Unknown 	0.67 	0.48 	0.35 	0.18 	




 

Continuous variables not conforming to normal distribution were expressed as median (IQR) and compared using the Wilcoxon rank sum test.



3.2 ALI and mortality in patients with MAFLD

The median follow-up period for the 2,908 participants was 10.3 years, during which 636 deaths occurred, leading to a mortality rate of 21.87%. Among these, there were 166 cardiovascular, 154 cancer, and 49 diabetes-related deaths.

As shown in the Table 2, after adjusting for all covariates, compared with the Q1 group, the hazard ratios (HRs) (95% CI) for all-cause mortality in the Q2, Q3, and Q4 groups were 0.70 (0.54–0.91), 0.59 (0.45–0.78), and 0.62 (0.44–0.85), respectively. This indicated that with each unit increase in ALI, the risk of all-cause mortality decreased by 30, 41, and 38% in the Q2 to Q4 groups. For cardiovascular mortality, the HRs (95% CI) were 0.48 (0.28–0.81), 0.46 (0.27–0.77), and 0.25 (0.14–0.45), indicating reductions of 52, 54, and 75%, respectively, compared with Q1. ALI exhibited a stronger positive effect on cardiovascular mortality than on all-cause mortality. ALI level association with cancer or diabetes-related mortalities was not statistically significant. Consequently, subsequent analyses focused on all-cause mortality and cardiovascular mortality.


TABLE 2 The relationship between ALI and all-cause, CVD, cancer, and DM-related mortality.


	ALI
	Model 1
	Model 2
	Model 3



	HR (95%CI)
	HR (95%CI)
	HR (95%CI)

 

 	All-cause mortality


 	Quantile 1 	Ref. 	Ref. 	Ref.


 	Quantile 2 	0.51 (0.39, 0.66) 	0.61 (0.47, 0.79) 	0.70 (0.54, 0.91)


 	Quantile 3 	0.34 (0.26, 0.46) 	0.53 (0.4, 0.7) 	0.59 (0.45, 0.78)


 	Quantile 4 	0.32 (0.24, 0.43) 	0.53 (0.39, 0.71) 	0.62 (0.44, 0.85)


 	Cardiovascular mortality


 	Quantile 1 	Ref. 	Ref. 	Ref.


 	Quantile 2 	0.38 (0.23, 0.63) 	0.46 (0.28, 0.76) 	0.48 (0.28, 0.81)


 	Quantile 3 	0.33 (0.2, 0.55) 	0.49 (0.3, 0.82) 	0.46 (0.27, 0.77)


 	Quantile 4 	0.18 (0.1, 0.33) 	0.27 (0.15, 0.5) 	0.25 (0.14, 0.45)


 	Cancer-related mortality


 	Quantile 1 	Ref. 	Ref. 	Ref.


 	Quantile 2 	0.79 (0.47, 1.3) 	0.96 (0.59, 1.59) 	1.09 (0.65, 1.83)


 	Quantile 3 	0.51 (0.29, 0.91) 	0.83 (0.47, 1.48) 	0.94 (0.52, 1.69)


 	Quantile 4 	0.44 (0.24, 0.77) 	0.83 (0.46, 1.48) 	0.96 (0.51, 1.81)


 	Diabetes-related mortality


 	Quantile 1 	Ref. 	Ref. 	Ref.


 	Quantile 2 	0.33 (0.14, 0.8) 	0.36 (0.15, 0.88) 	0.49 (0.16, 1.47)


 	Quantile 3 	0.23 (0.08, 0.68) 	0.28 (0.09, 0.83) 	0.38 (0.11, 1.33)


 	Quantile 4 	0.37 (0.14, 0.96) 	0.41 (0.15, 1.14) 	0.69 (0.25, 1.92)





HR, hazard ratio; CI, confidence interval; Ref: reference. Model I: adjusted for no covariates. Model II: adjusted for age, gender, race. Model III: adjusted for age, gender, race, education, BMI, PIR, HDL-C, ALT, AST, TG, TC, HBP, DM, CVD, smoking, activity, daily energy intake.
 

In Figures 4A,B show the Kaplan–Meier survival analysis curves for all-cause and cardiovascular mortalities, respectively. The values 0–3 represent the four ALI quartiles (Q1, Q2, Q3, Q4). All-cause and cardiovascular mortalities were reduced among participants with MAFLD when the ALI was greater than the Q1 level.

[image: Kaplan-Meier survival plots comparing four groups (ALIQ4 = 0, 1, 2, 3) over two hundred months; both panels A and B show higher survival probabilities for groups with higher ALIQ4 values. Panel A exhibits greater divergence among groups compared to panel B. Legends and axis labels are clearly presented.]

FIGURE 4
 The Kaplan–Meier survival analysis curves for all-cause (A) and cardiovascular mortalities (B).




3.3 Non-linear relationship analysis

RCS analysis revealed a distinct L-shaped non-linear relationship between ALI and both all-cause and cardiovascular mortalities (Figure 5). The inflection points for all-cause and cardiovascular mortalities were 71.48 and 68.54, respectively.

[image: Two line graphs show relationships between ALI and hazard ratios for mortality. The left graph displays all-cause mortality, with risk decreasing steeply as ALI increases to around seventy-one, then stabilizing. The right graph shows cardiovascular mortality, following a similar pattern, leveling off near sixty-eight. Both graphs include shaded confidence intervals and statistical significance values.]

FIGURE 5
 The RCS analysis for all-cause and cardiovascular mortalities.




3.4 Subgroup analysis

Subgroup analysis showed that in patients with MAFLD, 55.95% were male, 49.28% were aged 20–39 years, 41.95% were non-Hispanic White, and 43.71% had an education level above high school (Figure 6). Stratified analyses by sex, race, education, age, diabetes status, hypertension, and cardiovascular disease revealed significant interactions between ALI and all-cause mortality in all strata, except for age. This finding suggests heterogeneity in the association between ALI levels and all-cause mortality across populations. The correlation between ALI and all-cause mortality in patients with MAFLD was more pronounced in women. In the interaction test for cardiovascular mortality, no interaction p-values reached statistical significance, except for education level.

[image: Forest plots display hazard ratios and confidence intervals for variables influencing all-cause and cardiovascular mortality, comparing gender, race, education, hypertension, cardiovascular disease, diabetes, and age, with detailed statistics and significant associations noted for several variables.]

FIGURE 6
 Forest plot demonstrated the relationship between ALI and all-cause and cardiovascular mortalities.




3.5 Sensitivity analysis

To confirm the reliability of the results, three additional cox regression analyses were performed (Table 3). Firstly, after excluding extreme ALI values, the association between ALI and both all-cause and cardiovascular mortalities remained significant, with HRs for the Q4 group being 0.62 and 0.25, respectively. Secondly, after excluding participants who died within 2 years of the end of the follow-up period, the results from the Cox regression analyses remained consistent. Lastly, when FLI ≥ 60 was used as the diagnostic criterion, expanding the cohort to 5,397 participants with MAFLD, the results also remained robust. Sensitivity analyses confirmed that higher ALI levels were associated with a reduced risk of all-cause and cardiovascular mortalities in people with MAFLD, whereas no significant effect on cancer or diabetes-related mortalities was observed.


TABLE 3 Result of sensitivity analysis.


	ALI
	Model 1
	Model 2
	Model 3



	HR (95%CI)
	HR (95%CI)
	HR (95%CI)

 

 	① After excluding extreme ALI values


 	All-cause mortality


 	Quantile 1 	Ref. 	Ref. 	Ref.


 	Quantile 2 	0.51 (0.39, 0.66) 	0.61 (0.47, 0.79) 	0.70 (0.54, 0.91)


 	Quantile 3 	0.34 (0.26, 0.46) 	0.53 (0.4, 0.7) 	0.60 (0.45, 0.78)


 	Quantile 4 	0.32 (0.24, 0.43) 	0.53 (0.39, 0.72) 	0.62 (0.44, 0.86)


 	Cardiovascular mortality


 	Quantile 1 	Ref. 	Ref. 	Ref.


 	Quantile 2 	0.38 (0.23, 0.63) 	0.46 (0.28, 0.76) 	0.48 (0.28, 0.81)


 	Quantile 3 	0.33 (0.2, 0.55) 	0.49 (0.3, 0.82) 	0.46 (0.27, 0.77)


 	Quantile 4 	0.18 (0.1, 0.33) 	0.28 (0.15, 0.5) 	0.25 (0.14, 0.46)


 	Cancer-related mortality


 	Quantile 1 	Ref. 	Ref. 	Ref.


 	Quantile 2 	0.79 (0.47, 1.3) 	0.96 (0.59, 1.59) 	1.09 (0.65, 1.83)


 	Quantile 3 	0.51 (0.29, 0.91) 	0.83 (0.47, 1.48) 	0.94 (0.52, 1.69)


 	Quantile 4 	0.44 (0.24, 0.76) 	0.82 (0.45, 1.49) 	0.95 (0.51, 1.81)


 	Diabetes-related mortality


 	Quantile 1 	Ref. 	Ref. 	Ref.


 	Quantile 2 	0.33 (0.14, 0.8) 	0.36 (0.15, 0.88) 	0.49 (0.16, 1.47)


 	Quantile 3 	0.23 (0.08, 0.68) 	0.28 (0.09, 0.83) 	0.38 (0.11, 1.33)


 	Quantile 4 	0.37 (0.14, 0.96) 	0.42 (0.15, 1.15) 	0.69 (0.25, 1.92)


 	② Excluding participants who died within 2 years


 	All-cause mortality


 	Quantile 1 	Ref. 	Ref. 	Ref.


 	Quantile 2 	0.52 (0.40, 0.69) 	0.63 (0.48, 0.83) 	0.73 (0.55, 0.96)


 	Quantile 3 	0.33 (0.25, 0.45) 	0.52 (0.38, 0.69) 	0.58 (0.43, 0.78)


 	Quantile 4 	0.33 (0.24, 0.45) 	0.55 (0.40, 0.76) 	0.65 (0.45, 0.92)


 	Cardiovascular mortality


 	Quantile 1 	Ref. 	Ref. 	Ref.


 	Quantile 2 	0.38 (0.22, 0.65) 	0.47 (0.28, 0.79) 	0.48 (0.28, 0.85)


 	Quantile 3 	0.28 (0.16, 0.48) 	0.42 (0.24, 0.73) 	0.39 (0.22, 0.69)


 	Quantile 4 	0.16 (0.09, 0.31) 	0.25 (0.13, 0.46) 	0.23 (0.12, 0.43)


 	Cancer-related mortality


 	Quantile 1 	Ref. 	Ref. 	Ref.


 	Quantile 2 	0.83 (0.47, 1.46) 	1.02 (0.59, 1.76) 	1.16 (0.66, 2.05)


 	Quantile 3 	0.55 (0.30, 1.01) 	0.91 (0.49, 1.70) 	1.06 (0.562, 2.00)


 	Quantile 4 	0.54 (0.30, 0.97) 	1.03 (0.55, 1.93) 	1.26 (0.64, 2.51)


 	Diabetes-related mortality


 	Quantile 1 	Ref. 	Ref. 	Ref.


 	Quantile 2 	0.34 (0.13, 0.88) 	0.37 (0.14, 0.97) 	0.51 (0.15, 1.75)


 	Quantile 3 	0.26 (0.09, 0.79) 	0.31 (0.10, 0.96) 	0.42 (0.11, 1.63)


 	Quantile 4 	0.41 (0.15, 1.12) 	0.46 (0.16, 1.33) 	0.77 (0.26, 2.30)


 	③ FLI ≥60 was used as the diagnostic criterion


 	All-cause mortality


 	Quantile 1 	Ref. 	Ref. 	Ref.


 	Quantile 2 	0.45 (0.34, 0.59) 	0.53 (0.40, 0.70) 	0.55 (0.42, 0.73)


 	Quantile 3 	0.36 (0.27, 0.49) 	0.48 (0.36, 0.65) 	0.53 (0.40, 0.71)


 	Quantile 4 	0.33 (0.25, 0.44) 	0.48 (0.36, 0.64) 	0.56 (0.42, 0.74)


 	Cardiovascular mortality


 	Quantile 1 	Ref. 	Ref. 	Ref.


 	Quantile 2 	0.33 (0.20, 0.55) 	0.40 (0.24, 0.66) 	0.4 (0.24, 0.67)


 	Quantile 3 	0.36 (0.22, 0.60) 	0.48 (0.29, 0.81) 	0.52 (0.31, 0.87)


 	Quantile 4 	0.23 (0.13, 0.41) 	0.32 (0.18, 0.58) 	0.36 (0.21, 0.65)


 	Cancer-related mortality


 	Quantile 1 	Ref. 	Ref. 	Ref.


 	Quantile 2 	0.56 (0.33, 0.97) 	0.69 (0.40, 1.20) 	0.80 (0.45, 1.42)


 	Quantile 3 	0.38 (0.21, 0.68) 	0.52 (0.28, 0.96) 	0.62 (0.34, 1.13)


 	Quantile 4 	0.52 (0.31, 0.87) 	0.82 (0.47, 1.43) 	1.10 (0.62, 1.93)


 	Diabetes-related mortality


 	Quantile 1 	Ref. 	Ref. 	Ref.


 	Quantile 2 	0.37 (0.15, 0.95) 	0.41 (0.16, 1.05) 	0.44 (0.16, 1.21)


 	Quantile 3 	0.45 (0.16, 1.26) 	0.54 (0.19, 1.49) 	0.62 (0.22, 1.72)





Model I: adjusted for no covariates. Model II: adjusted for age, gender, race. Model III: adjusted for age, gender, race, education, BMI, PIR, HDL-C, ALT, AST, TG, TC, HBP, DM, CVD, smoking, activity, daily energy intake.
 



3.6 ROC curve analysis

ROC curves do not account for time, whereas time-dependent ROC curves evaluate the predictive performance of factors across various time points. These time-dependent ROC curves demonstrated that ALI had excellent predictive accuracy for both all-cause and cardiovascular mortalities in people with MAFLD, with AUC values of 0.80 (0.77–0.83) and 0.82 (0.74–0.89), respectively (Figure 7).

[image: Two line graphs compare AUC over time for all-cause mortality (top) and cardiovascular mortality (bottom), displaying separate lines for training and validation datasets. Both graphs show stable AUC values above 0.7 for the majority of the timelines, with C index values near 0.8 for both training and validation.]

FIGURE 7
 ROC curves of all-cause and cardiovascular mortalities.





4 Discussion

To our knowledge, this is the first large-scale cohort investigation to explore the prognostic relationship between ALI and MAFLD. Our findings demonstrated a significant inverse association between ALI levels and all-cause and cardiovascular mortalities in patients with MAFLD, whereas no statistically significant relationship was observed for cancer or diabetes-related mortalities. RCS analysis revealed a distinct L-shaped non-linear relationship between ALI levels and mortality outcomes. Subgroup analyses revealed population heterogeneity in ALI levels and all-cause mortality among patients with MAFLD. There was no interaction between the subgroups for cardiovascular mortality, except for education level. ROC curve analysis confirmed the strong predictive ability of ALI for all-cause and cardiovascular mortality, with AUC values of 0.80 and 0.82, respectively.

The roles of inflammation and diet in MAFLD pathogenesis have been widely discussed. Gong et al. (24) discovered that systemic inflammation is strongly associated with hepatic steatosis risk. Pro-inflammatory diets are implicated in increased MAFLD risk, prompting public health initiatives to prioritize nutrient-dense food availability (6). Nutritional deficiencies, including protein-energy malnutrition and subclinical micronutrient deficiencies, are linked to hepatic steatosis (25). Moreover, supplementation with vitamins E and D has shown the potential to improve liver function and lipid metabolism and reduce hepatic steatosis risk (26). Among various dietary patterns, the Mediterranean diet stands out for its benefits in reducing cardiovascular risk, hepatic fat accumulation, and fibrosis progression (26). Our study builds upon this foundation, providing further evidence for the interplay between inflammation, nutrition, and prognosis in patients with MAFLD.

Oxidative stress plays a critical role in MAFLD pathogenesis by inducing endoplasmic reticulum stress, increasing pro-inflammatory cytokine release, and activating hepatic stellate cells, leading to fibrosis (26, 27). Approximately 33% of the inflammation-related effects in MAFLD are mediated through the triglyceride-glucose index, highlighting the exacerbating role of insulin resistance in inflammation (28, 29). In contrast, insulin resistance promotes hepatic fat accumulation by increasing free fatty acid flux and hyperinsulinemia-driven anabolic pathways (30). Nutrient-rich foods may play a role in MAFLD prognosis through antioxidant, anti-inflammatory, lipid, and insulin metabolism. Nutrient-rich foods prevent oxidative stress in the liver by reducing glutathione disulfide/glutathione and thiobarbituric acid reactive species in the liver, which can reduce the expression levels of the gene associated with pro-oxidant activity (26). Diet can also balance redox activity by regulating mitochondrial function (31). Nutrient-rich foods may reduce hepatic levels of interleukin (IL)-2, IL-6, and tumor necrosis factorα, alleviating inflammatory injury (32). In addition, nutrient-rich foods may regulate glucose metabolism and modulate and optimize energy metabolism (26).

Several studies have explored the predictive roles of inflammatory and nutritional indicators in the prevalence and prognosis of MAFLD. Zhang et al. (33) identified novel systemic inflammation markers, including the platelet-to-lymphocyte ratio (PLR), NLR, and systemic immune-inflammation index (SII), as predictors of cardiovascular mortalities in MAFLD. This study found that the AUC values of NLR, SII, and PLR were 0.69, 0.60, and 0.52, respectively. Therefore, in comparison, ALI has a higher predictive value, which was also confirmed by another study (34). Serum albumin level represents a potential biomarker for early hepatic failure and a possible predictor (11). Patients with high albumin levels have a lower risk of death or the need for in situ liver transplantation (35). ALI, which includes BMI, serum albumin level, and NLR, reflects the interplay between nutrition, immunity, and systemic inflammation. It has demonstrated prognostic value in diverse chronic conditions, including T2DM, hypertension, and kidney disease (36–38). Interestingly, BMI in ALI is theoretically protective against MAFLD, contrary to the belief that obesity adversely affects MAFLD. First, the effect of BMI may explain the L-shaped non-linear correlation observed in the RCS plot. Second, components of ALI, such as inflammation and BMI, interact with each other. Inflammation reduces appetite and leads to malnutrition, which in turn can lead to weight loss (39). Finally, there may be an obesity paradox in the population with MAFLD, where higher BMI may confer survival advantages in terms of nutritional and cardiovascular reserves (40, 41). Some studies have suggested that although overweight patients or patients with obesity are at a higher risk of developing liver disease, they have a survival advantage over lean patients (42, 43). However, we think that high ALI scores resulting from high BMI do not have the same mortality risk reduction benefit as high ALI achieved through moderate BMI. Merely relying on increasing BMI to enhance ALI is not advisable. Weight loss measures should still be reserved for obese patients with high metabolic risks. Sufficient nutritional reserves, low levels of inflammation, and the absence of metabolic burdens brought about by severe obesity better align with the obesity paradox observed in advanced chronic diseases. Future research could stratify ALI by BMI to identify the optimal BMI range.

The L-shape non-linear relationship of RCS analysis has meaningful points: Below the thresholds (71.48 for all-cause mortality and 68.54 for cardiovascular mortality), a higher ALI was significantly associated with reduced mortality risks in MAFLD patients. Above these thresholds, this protective effect plateaued. Specifically, in MAFLD patients, increasing ALI below 71.48 was associated with a significant reduction in all-cause mortality. Similarly, increasing ALI below 68.54 was associated with a significant reduction in cardiovascular mortality. However, when ALI exceeded 71.48 and 68.54, respectively, further increases conferred limited additional benefit for reducing either all-cause or cardiovascular mortality.

Beyond its prognostic value, ALI provides actionable guidance for risk-stratified management of MAFLD: the inflection point for all-cause mortality is ALI = 71.48, and the inflection point for cardiovascular mortality is ALI = 68.54. Considering the actual situation, ALI ≤ 68.54 can be used as a comprehensive high-risk cut-off point. When ALI ≤ 68.54, it is recommended to strengthen follow-up. Secondly, in terms of comorbidity management: the high-risk group (ALI ≤ 68.54) needs to actively carry out secondary prevention of cardiovascular diseases; priority should be given to controlling inflammation. The calculation of ALI is convenient and has a low cost, making it practical for risk monitoring in the MAFLD population. However, it should be noted that: ALI is not an independent decision-making tool and needs to be used in combination with other indicators (such as FIB-4 for assessing liver fibrosis). Secondly, dynamic monitoring of ALI changes is more important than a single value.

Interestingly, the inverse association between ALI levels and all-cause mortality was more pronounced in females. This phenomenon may be related to the inherent biological differences between genders, which profoundly influence the disease process and prognosis. Mechanistically, estrogen exerts a protective effect on liver diseases by reducing oxidative stress, insulin resistance, lipid metabolism, and fibrosis (44–46). The liver is not only a key regulatory organ for metabolic homeostasis but also a major target for estrogen signaling - estrogen receptors α (estrogen receptor α, ERα) and β (estrogen receptor β, ERβ) bind to estrogen response element (estrogen response element, ERE) to directly regulate lipid and glucose metabolism in the liver (45). Studies have confirmed that a decline in estrogen levels promotes the development of extensive hepatic steatosis and the progression of liver fibrosis (47). Additionally, estrogen has anti-inflammatory and antioxidant effects, and a decrease in estrogen levels exacerbates oxidative stress and systemic inflammation (46). Estrogen may enhance the protective effect of a low NLR in ALI, leading to a more significant association with prognosis in female patients.

Our research has a number of advantages. First of all, it is the first study to show that ALI has predictive significance for MAFLD prognosis. Second, the large, nationally representative cohort strengthens the generalizability of our findings. Third, our results’ robustness is reinforced by thorough comprehensive covariate adjustment and sensitivity analyses. However, the study has certain drawbacks. Because this was an observational study, a causal relationship between ALI and mortality cannot be established. Additionally, residual confounding factors cannot be entirely excluded. Thirdly, although sensitivity analyses expanding the study population through another.

MAFLD diagnostic criteria were performed, the high exclusion rate due to missing data may raise concerns about possible selection bias. Large-scale interventional research is required in the future to confirm these results and elucidate the causative mechanisms.



5 Conclusion

Our study provides an effective approach for predicting and managing patients with MAFLD. Low ALI levels were associated with poor prognosis, highlighting the utility of ALI in identifying populations at high risk of MAFLD and facilitating timely interventions. The observed L-shaped non-linear relationship shows that: when the indicators are below specific thresholds (all-cause mortality 71.48, cardiovascular mortality 68.54), a higher ALI was significantly associated with reduced mortality risks in MAFLD patients; however, once the thresholds are exceeded, the protective effect will stabilize. This underscores the importance of maintaining an optimal ALI level to improve survival outcomes in patients with MAFLD. Future cohort studies of ALI in MAFLD populations in other countries are needed. Explore intervention measures for ALI to promote more effective disease prevention and treatment.
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Glossary


	ALI

	
Advanced lung cancer inflammation index



	NAFLD

	
on-alcoholic fatty liver disease



	MAFLD

	
Metabolic dysfunction-associated fatty liver disease



	MASLD

	
metabolic dysfunction-associated steatotic liver disease



	NHANES

	
National Health and Nutrition Examination Survey



	T2DM

	
Type 2 diabetes mellitus



	NDI

	
National Death Index



	ICD-10

	
International Classification of Diseases, Tenth Revision



	RCS

	
Restricted cubic spline



	ROC

	
Receiver operating characteristic



	AUC

	
Area under the curve



	BMI

	
Body mass index



	PIR

	
poverty-income ratio



	HRs

	
hazard ratios



	ALT

	
Alanine transaminase



	AST

	
aspartate aminotransferase



	HDL

	
high-density lipoprotein



	TC

	
total cholesterol



	TG

	
triglycerides



	DM

	
diabetes mellitus



	CVD

	
cardiovascular disease



	HBP

	
high blood pressure



	FLI

	
Fatty liver index



	US-FLI

	
United States fatty liver index



	PLR

	
platelet-to-lymphocyte ratio



	SII

	
systemic immune-inflammation index



	NLR

	
neutrophil-to-lymphocyte ratio



	IL

	
interleukin
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Background: Chronic heart failure (CHF) often requires the use of high-dose loop diuretics to achieve decongestion. However, such therapy may lead to adverse effects, including deterioration of renal function and electrolyte imbalance. Recent evidence suggests that diuretic-induced dehydration may trigger metabolic responses resembling aestivation—a survival mechanism involving a shift from inorganic to organic osmolytes, particularly increased urea synthesis, to conserve water.
Methods: This prospective, single-center cohort study included 102 patients (median age 75 years, 57.8% female) hospitalized with CHF from January to July 2023. The diuretic group received average daily doses of furosemide 39.1 ± 22.1 mg, torasemide 7.4 ± 3 mg, and spironolactone 42 ± 12.4 mg. Biochemical parameters—including sodium, potassium, glucose, urea, and estimated plasma osmolality (eOSM)—were assessed on days 1 and 7 of hospitalization. Plasma osmolyte ratios (PropUrea/eOSM, PropNa/eOSM) were calculated. Propensity score matching (PSM) was used to adjust for confounders such as age, ejection fraction, and renal function.
Results: By day 7, plasma osmolality in the diuretic group increased from 300 [297; 304] to 302.2 [298.3; 305.8] mOsm/L (p = 0.039), while no significant change occurred in the non-diuretic group. Urea levels rose to 7.95 [5.65; 9.90] mmol/L in the diuretic group versus 5.90 [5.05; 7.50] mmol/L in the control group (p = 0.012). The PropUrea/eOSM increased to 2.63% [1.89; 3.28] in the diuretic group compared to 2.00% [1.70; 2.50] (p = 0.011). Conversely, PropNa/eOSM decreased to 46.46% [46.02; 46.74] versus 46.68% [46.33; 46.89] (p = 0.050). Multivariate logistic regression confirmed that diuretic therapy was independently associated with these changes: PropUrea/eOSM (OR = 3.52, 95% CI: 1.94–7.26, p < 0.001), and PropNa/eOSM (OR = 0.16, 95% CI: 0.06–0.39, p < 0.001). These effects were most pronounced in patients consuming >10 g/day of salt.
Conclusion: This study demonstrated that in patients with chronic heart failure (CHF), intensive loop diuretic therapy—especially when combined with high sodium intake—is associated with a shift in plasma osmolytes, marked by increased urea and reduced sodium contributions to osmolality. These changes suggest activation of water-conservation mechanisms and are independent of CHF severity or renal dysfunction, as confirmed by propensity score matching. Clinically, the urea-to-osmolality ratio may serve as an early marker of metabolic stress and muscle catabolism. Patients consuming >10 g/day of salt appear especially susceptible to this aestivation-like response. Early identification of these changes may guide adjustments in diuretic regimens, as well as prompt nutritional and physical interventions to mitigate sarcopenia and functional decline. These findings support a personalized approach to diuretic therapy in CHF, emphasizing the role of dietary sodium in shaping metabolic responses and highlighting metabolic aestivation as a potential contributor to fatigue and weakness in this population.
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 chronic heart failure; diuretics; sodium intake; aestivation; osmolytes; urea; plasma osmolality


1 Introduction

Decompensated heart failure often requires the use of high doses of diuretics. However, research indicates that the administration of large doses of diuretics can lead to several side effects, including worsening renal function and electrolyte disturbances. The ADHERE study showed that patients receiving lower doses of furosemide (<160 mg) had a reduced risk of hospital mortality, shorter stays in the ICU, and fewer prolonged hospitalizations or renal side effects compared to patients receiving more than 160 mg of furosemide (1). The use of higher doses of diuretics was associated with increased diuresis and more favorable outcomes at some secondary endpoints, but also posed a higher risk of deterioration of renal function (2). Obese patients who received high-intensity diuretic therapy had an increased risk of deterioration of renal function within 72 h of treatment compared to a control group. Furthermore, high-intensity diuretic treatment was associated with a higher frequency of decline in renal function, which was similar in both obese and non-obese patients (3).

A recently described novel pathophysiological mechanism of muscle mass loss related to sodium metabolism in patients with chronic heart failure (CHF) involves active conservation of total body water during acute changes in sodium balance. This mechanism resembles the state of aestivation observed in animals for water conservation, resulting in metabolic regulation aimed at increasing the contribution of nonionic osmolytes, such as urea and glucose (4). In a study by Nihlén S. et al. (5), it was found that during treatment in the intensive care unit (ICU), diuretic-induced iatrogenic dehydration is associated with a shift toward the intensive production of organic osmolytes, mainly urea.” (Use “toward” instead of “towards” for consistency with American English). This adaptation is part of a universal response to water deficiency, observed in a wide range of organisms, from aestivating worms to higher animals, including mammals (6). This aligns with scientific data indicating that fluid loss can trigger protein breakdown in various cell types (7). Manifestations of aestivation in mammals include the synthesis of amino acid osmolytes, which contribute to increased plasma urea concentration, reduced urine output (oliguria), peripheral hypoperfusion, and muscle mass loss. The interplay of these mechanisms with varying levels of sodium intake in patients is intriguing (8), considering that individuals on a high-salt diet typically have significant depots of osmotically neutral sodium, including in muscle tissue (9, 10). These mechanisms may explain the high prevalence of sarcopenia in patients with CHF (11).

Importantly, patients with chronic HF often enter the hospital on chronically high salt diets; their interstitial tissues can store millimolar quantities of osmotically neutral Na+ (11). We hypothesized that intensive loop diuresis “unmasks” this hidden sodium, simultaneously triggering an Na+ → urea osmolyte switch and accelerating muscle loss—an effect that may be exaggerated when dietary salt is unrestricted.

Understanding this switch is clinically actionable for several reasons:

A rising urea-to-osmolality ratio during the first treatment week may signal that further loop-diuretic escalation will yield diminishing natriuretic returns while promoting catabolism; it can also help the clinician choose the optimal delivery strategy—high-dose intermittent boluses vs. lower-dose continuous (infusion) therapy—so that decongestion is achieved without exposing the patient to unnecessary metabolic stress. Because increased urea production often precedes measurable loss of lean body mass, tracking this ratio could identify individuals who would benefit from nutritional or exercise interventions. Furthermore, recognition of aestivation-like metabolic changes may guide clinical decision-making regarding the timing and intensity of diuretic therapy, particularly in patients with concurrent high sodium intake. Clinicians should consider monitoring the urea-to-osmolality ratio as a biomarker for early detection of catabolic stress, potentially prompting earlier implementation of protein supplementation, physical therapy interventions, or adjustment of diuretic dosing strategies to minimize muscle wasting while maintaining effective decongestion.

Objective of the Study: To evaluate the impact of varying levels of sodium intake and diuretic therapy on biochemical changes and the activation of aestivation mechanisms in patients with chronic heart failure (CHF).



2 Materials and methods


2.1 Study design

The study was carried out in the Cardiology Department of GBUZ GVV No. 3 DZM, with patient recruitment taking place from January 2023 to July 2023. This was a prospective single-center open-label cohort study that aimed to investigate the impact of intensive diuretic therapy on the development of aestivation in patients with chronic heart failure (CHF) on diets with varying sodium content. The study adhered to the principles of the Helsinki Declaration. The study design is presented in Figure 1.

[image: Flowchart showing study admissions for congestive heart failure totaling 380, with 178 excluded. Remaining patients were grouped by diuretic therapy or without, then categorized by estimated salt intake: over ten grams, six to ten grams, or under six grams, with final analysis on one hundred two patients.]

FIGURE 1
 Research design.


Upon admission, patients were divided into two groups according to the required level of diuretic therapy with loop diuretics. Biochemical analyses were performed on the first day of hospitalization before the initiation of diuretic therapy and after 7 days of therapy. The concentrations of sodium, potassium, glucose, urea, albumin, total protein, aspartate aminotransferase (AST), alanine aminotransferase (ALT), creatine kinase (CK), high-density lipoprotein (HDL), low-density lipoprotein (LDL), triglycerides, cholesterol, creatinine, and C-reactive protein (CRP) were measured.



2.2 Inclusion and exclusion criteria

Participants: Patients with a confirmed diagnosis of chronic heart failure, who had been on stable therapy (ACE inhibitors/ARBs, beta-blockers at more than 50% of the maximum dose) for more than 3 weeks, were included in the study. According to current clinical guidelines and evidence from major randomized trials, a dose of ≥50% is necessary to achieve the proven clinical benefits of beta-blocker therapy, including reduced mortality and hospitalization. Patients receiving lower doses may represent a less stable population (e.g., undergoing dose titration or with poor tolerance), which could introduce confounding variability in the assessment of metabolic and osmotic adaptations. None of the patients were receiving neprilysin/angiotensin receptor inhibitors (ARNI, such as sacubitril/valsartan) or sodium-glucose co-transporter 2 inhibitors (SGLT2 inhibitors, such as empagliflozin or dapagliflozin) at the time of inclusion in the study. This was due to the limited availability of these medications in the inpatient setting during the study period and their absence from standard therapy regimens for the majority of patients in the observed cohort. The main inclusion and exclusion criteria are presented in Table 1. The study was conducted in accordance with the Helsinki Declaration and approved by the ethics committee.


TABLE 1 Inclusion and exclusion criteria.


	Inclusion criteria
	Exclusion criteria

 

 	Presence of an established diagnosis of CHF (NYHA I- IV Functional class) 	Unlikely cooperation with the patient during the trial, low adherence to therapy for social, psychological, economic, and other reasons, incapacity


 	Stable therapy for 3 months prior to inclusion in the study 	Patients with cancer who are on radiation therapy or chemotherapy


 	Stable therapy with ACE inhibitors/ARBs, beta-blockers for 3 weeks prior to hospitalization 	Need to be in the intensive care unit at the time of admission


 	Signing voluntary informed consent 	Presence of any severe, decompensated, or unstable chronic somatic disease that, in the opinion of the investigators, could affect study outcomes or patient safety. These included, but were not limited to:
 
	• Severe anemia (hemoglobin < 90 g/L)

	• Decompensated or poorly controlled endocrine disorders (e.g., uncontrolled diabetes mellitus with HbA1c > 9%, untreated hypothyroidism or hyperthyroidism, adrenal insufficiency)

	• Systemic autoimmune diseases (e.g., systemic lupus erythematosus, vasculitis, rheumatoid arthritis with high inflammatory activity)

	• Advanced liver disease (e.g., liver cirrhosis Child-Pugh class B or C, active hepatitis)

	• Severe chronic pulmonary diseases (e.g., COPD with frequent exacerbations or requiring oxygen therapy)

	• Advanced neurological disorders impairing mobility or cognitive function (e.g., Parkinson’s disease, recent stroke with residual deficit)





 	Constant salt intake according to the food diary during the week before hospitalization 	Abuse of alcohol, drugs, or medicines


 	No loop diuretic therapy prior to inclusion in the study for 2 weeks 	Taking thiazide or thiazide-like diuretics




 



2.3 Laboratory analyses

Biochemical parameters—including sodium, potassium, glucose, urea, creatinine, total protein, albumin, aspartate aminotransferase (AST), alanine aminotransferase (ALT), creatine kinase (CK), total cholesterol, triglycerides, high-density lipoprotein (HDL), low-density lipoprotein (LDL), and C-reactive protein (CRP)—were measured using standard laboratory methods in the hospital’s certified clinical diagnostic laboratory.

The following equipment was used:


	• Beckman Coulter DxC700 AU (Ireland)—for biochemical analysis

	• CL-2000i (Mindray, China)—chemiluminescent immunoassay analyzer

	• Cobas e 411 (Roche Diagnostics, Japan)—immunoassay analyzer

	• XN-Series (Sysmex, Japan)—for hematology analysis



CRP levels were assessed using an immunoturbidimetric assay. All laboratory procedures were performed according to the manufacturers’ protocols with proper calibration and internal quality control procedures in place.



2.4 Calculation of plasma Osmolarity
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In Equation 1, where 
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 is plasma urea, 
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 is plasma glucose, and eOSM is the estimated plasma osmolality.

Plasma osmolality was assessed according to Equation 1. We then calculated the proportions of each osmolyte relative to the estimated plasma osmolality, obtaining the following ratios: Prop Na/eOSM, Prop K/eOSM, Prop Urea/eOSM, and Prop Glucose/eOSM, respectively.



2.5 Methods for determining salt intake

Salt intake was evaluated using a diet questionnaire in which patients recorded their dietary information for any two weekdays and one weekend day during the week prior to hospitalization. The electronic questionnaire was published on the website http://www.saltquest.ru/Sodium_project/. The electronic questionnaire contained a pre-formed database of foods produced in Russia with known sodium content per 100 grams of product or dish. All individual products and recipes were grouped into similar types of food (e.g., popcorn, potato chips, crackers) and then combined into broader categories (e.g., snacks), which formed the foundation of the food diary.

When filling out the food diary, the type of meal (breakfast, lunch, dinner), its volume, and the fact that the dish was additionally salted were taken into account. The volume of additional salting was calculated based on 0.1 grams of salt per additional salting.

Patients with a consistent level of sodium intake were included in the study. Weekly intake fluctuations were allowed within ±2 grams per day, provided that they did not exceed the salt intake categories: (1) less than 6 grams, (2) 6 to 10 grams, (3) more than 10 grams per day (12).



2.6 Definition of heart failure

The presence of heart failure in patients was determined based on the National Clinical Guidelines for the Diagnosis and Treatment of Chronic Heart Failure (CHF) (13). The stage and functional class of CHF for each patient included in the final analysis were determined by two independent experienced cardiologists. If their assessments differed, the final decision was made after joint discussion.

Ejection fraction (EF) for all patients was determined using the Simpson’s method in the apical four-chamber and two-chamber views, and the average EF was calculated:


	• Heart failure with preserved ejection fraction (HFpEF): EF ≥ 50%

	• Heart failure with mildly reduced ejection fraction (HFmrEF): EF 41–49%

	• Heart failure with reduced ejection fraction (HFrEF): EF ≤ 40%



These thresholds were used in combination with clinical signs and symptoms, natriuretic peptide levels, and echocardiographic parameters (such as left atrial volume index and left ventricular mass index), as recommended in the guidelines.

Lifestyle characteristics were assessed at baseline using a structured questionnaire. The questionnaire included information on:


	• Physical activity: categorized as low (sedentary), moderate (regular walking or light activity), or high (structured exercise ≥3 times/week);

	• Smoking status: current smoker, former smoker, or never smoked;

	• Alcohol consumption: categorized as none, occasional (≤2 times/week), or regular (>2 times/week)





2.7 Determination of kidney function and verification of chronic kidney disease

The glomerular filtration rate (GFR) was calculated using the CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) 2011 formula (14), according to the National Guidelines for Chronic Kidney Disease (CKD). Albuminuria was determined using test strips and the albumin/creatinine ratio was measured in a morning urine sample. The diagnosis of CKD was verified according to the guidelines (15), based on the following criteria:


	• The presence of any clinical markers of kidney damage was confirmed twice, with a time interval of at least 3 months between tests.

	• Detected decrease in GFR (>60 mL/min/1.73 m2), albuminuria, or any other clinical markers of kidney damage confirmed over a period of 3 months.

	• Persistent GFR < 60 mL/min/1.73 m2 regardless of the dynamics of other markers.

	• Diagnosis of irreversible markers (signs) of structural kidney changes confirmed by biopsy or imaging studies.





2.8 Sample size calculation

The sample size for the study was calculated based on the results of the study by Nihlen et al. (5). We assumed that the expected mean difference between the diuretic groups receiving and those not receiving them would be around 4% in the proportion of urea, with a standard deviation not exceeding 5%. Given the limited number of studies that have investigated changes in urea levels during diuretic therapy, a coefficient of variation level of 10% was adopted. This provided sufficient confidence that the calculated confidence limits would be reliable enough to confirm the study results at a power of 90%. This corresponded to a minimum sample size of 34 patients to assess the possible change in urea levels during diuretic therapy.

Taking into account the potential exclusion of respondents due to incomplete adherence to the study protocol and the possible reduction in the representative sample after the analysis of propensity matching, the sample size was increased by 50–70% from the calculated size. Therefore, the required sample size was determined to be at least 51 individuals. This number was sufficient to obtain statistically significant results. Therefore, an adequate sample size was formed to carry out the study.



2.9 Statistical analysis

Statistical analysis of the data obtained was performed using R, version 4.3.2, in the RStudio development environment (packages: ggplot2, ggpubr, dplyr, tidyverse, gtsummary, rstatix). The normality of the distribution was determined using the Shapiro–Wilk test, as well as the Kolmogorov–Smirnov test. We also examined the values of skewness and kurtosis and constructed QQ plots and distribution histograms.

Quantitative data were presented as mean (M) ± standard deviation (SD) or median with the 25th and 75th percentiles. Both parametric and nonparametric statistical methods were used to describe the results. The Kruskal-Wallis test or analysis of variance (ANOVA) was used to compare multiple groups. To compare two groups, Student’s t-test was applied for normally distributed data and the Wilcoxon rank sum test was used for non-normally distributed data.

For categorical variables, frequency tables were constructed and checked using the Chi-square test with Yates correction. Fisher’s exact test was used when the group size was less than 5, followed by post hoc analysis with Holm’s correction for multiple comparisons. The Spearman correlation coefficient was used to study the relationship between variables. Logistic regression (both univariate and multivariate) was applied to examine the association between categorical dependent variables with multiple categories.

To adjust for predefined confounding factors in our analysis, we used the matching of propensity score (16). The cohort of interest was matched using the MatchIt library (17) with the ‘full’ matching method, which provided the best match based on standardized mean differences. The matching model included the following covariates: Age, Left ventricular ejection fraction (EF), Estimated glomerular filtration rate (eGFR).

Missing data handling: Only patients with complete data for both day 1 and day 7 laboratory assessments were included in the main comparative analyses. Cases with missing values for key variables (electrolytes, urea, glucose, eGFR) were excluded from the respective comparisons. No imputation techniques were applied.

Statistical hypotheses were tested with the null hypothesis rejected at a significance level of less than 0.05.




3 Results


3.1 Clinical characteristics of the group

A total of 102 individuals were included in the study, with a median age of 75 years (minimum age 43, maximum age 93 years). The number of women was slightly higher than that of men: 59 (57.8%).

The predominant etiologies of chronic heart failure (CHF) among enrolled patients were ischemic heart disease, including a history of myocardial infarction (67%, n = 68), and arterial hypertension without significant coronary artery disease (33%, n = 34). Other causes of CHF were not represented in the study cohort. The clinical characteristics of each group, based on whether they received diuretic therapy, are presented in Table 2. For most parameters, the patients did not differ significantly. However, significant differences were observed in some parameters; for example, the patients in the diuretic therapy group were older than those in the non-diuretic therapy group. Patients requiring diuretics generally had higher stages and functional classes of CHF. Consequently, this group had more patients with lower ejection fractions, and due to the interrelationship between CHF and chronic kidney disease (CKD), patients in the diuretic group often had higher stages of CKD.


TABLE 2 Clinical characteristics of patients in the group who received diuretics and those who did not received diuretics.


	Characteristic
	Patients receiving diuretics, N = 591
	Patients not receiving diuretics, N = 431
	p-value2

 

 	Age in years, median [Q25; Q75] 	81 (72, 84) 	73 (67, 79) 	0.011


 	Gender 	 	 	>0.9


 	 Female (%) 	34 (58%) 	25 (58%) 	


 	 Male (%) 	25 (42%) 	18 (42%) 	


 	Sodium 1 day (mMol/L) 	138.7 ± 3.1 	138.6 ± 4.3 	>0.9


 	Potassium 1 day (mMol/L) 	4.07 ± 0.43 	4.00 ± 0.41 	0.3


 	Urea 1 day (mMol/L) 	8.4 ± 4.3 	7.1 ± 2.6 	0.15


 	Glucose 1 day (mMol/L) 	6.58 ± 2.21 	6.46 ± 1.68 	0.7


 	Sodium day 7 (mMol/L) 	139.32 ± 2.64 	139.51 ± 3.78 	0.9


 	Potassium day 7 (mMol/L) 	4.34 ± 0.53 	4.15 ± 0.47 	0.042


 	Urea day 7 (mMol/L) 	9.2 ± 4.1 	6.4 ± 1.8 	<0.001


 	Glucose day 7 (mMol/L) 	6.04 ± 1.66 	5.75 ± 1.39 	0.5


 	Functional class of CHF (NYHA) 	 	 	<0.001


 	 NYHA I 	5 (8.5%) 	18 (42%) 	


 	 NYHA II 	27 (46%) 	25 (58%) 	


 	 NYHA III 	26 (44%) 	0 (0%) 	


 	 NYHA IV 	1 (1.7%) 	0 (0%) 	


 	Ejection fraction (%) 	48 ± 8 	51 ± 4 	0.049


 	Estimated osmolarity on day 1 (mOsm/L) 	301 ± 8 	299 ± 9 	0.5


 	Estimated osmolarity on day 7 (mOsm/L) 	302.5 ± 6.8 	299.5 ± 7.8 	0.039


 	Estimated glomerular filtration rate (ml/min/1.73 m2) 	50 ± 15 	57 ± 14 	0.021


 	Albumin (g/l) 	39.2 (37.1, 40.8) 	39.2 (37.0, 41.4) 	0.8


 	Total protein (g/l) 	67.8 (65.1, 71.0) 	68.5 (64.8, 71.5) 	>0.9


 	ALT (U/L) 	18 (12, 29) 	17 (13, 23) 	0.5


 	AST (U/L) 	20 (16, 29) 	20 (18, 25) 	0.8


 	HDL (mMol/L) 	1.31 (1.17, 1.45) 	1.26 (1.06, 1.34) 	0.2


 	LDL (mMol/L) 	2.80 (2.18, 3.29) 	2.63 (2.20, 3.27) 	>0.9


 	Triglycerides (mMol/L) 	1.30 (0.91, 1.71) 	1.27 (0.85, 1.84) 	0.9


 	Cholesterol (mMol/L) 	4.50 (3.64, 5.40) 	4.60 (3.50, 5.45) 	>0.9


 	CRP (mg/L) 	5 (3, 10) 	5 (2, 8) 	0.3


 	Diabetes mellitus 	 	 	0.7


 	 No (%) 	39 (66%) 	30 (70%) 	


 	 Yes (%) 	20 (34%) 	13 (30%) 	


 	CKD (stage) 	 	 	0.025


 	 C1 	0 (0%) 	1 (2.3%) 	


 	 C2 	1 (1.7%) 	5 (12%) 	


 	 C3a 	24 (41%) 	23 (53%) 	


 	 C3b 	16 (27%) 	4 (9.3%) 	


 	 C4 	5 (8.5%) 	1 (2.3%) 	


 	 No 	13 (22%) 	9 (21%) 	


 	Physical activity: Low (%) 	26 (44%) 	18 (42%) 	0.8


 	Physical activity: Moderate (%) 	24 (41%) 	17 (40%) 	0.6


 	Physical activity: High (%) 	9 (15%) 	8 (18%) 	0.7


 	Smoking status: Current smoker (%) 	6 (10%) 	5 (12%) 	0.7


 	Smoking status: Former smoker (%) 	18 (31%) 	16 (37%) 	0.9


 	Smoking status: Never smoked (%) 	30 (50%) 	18 (42%) 	0.9


 	Alcohol consumption: None (%) 	16 (27%) 	14 (33%) 	0.6


 	Alcohol consumption: Occasional (%) 	13 (22%) 	11 (26%) 	0.7





1 Median (IQR); n (%).

2 Wilcoxon rank sum test; Pearson’s Chi-squared test; Fisher’s exact test.
 

The average doses of diuretics during the 7-day observation period were as follows: furosemide – 39.1 ± 22.1 mg, torasemide—7.4 ± 3 mg, and spironolactone—42 ± 12.4 mg. Patients receiving thiazide or thiazide-like diuretics were not included in the study.

The diuretic dosages for patients with different stages of CKD were distributed as follows: for CKD stage 3a, the average dose of furosemide was 34.0 mg ± 13.5 mg, torasemide—7.3 mg ± 2.9 mg, and spironolactone—37.5 mg ± 14.4 mg. For CKD stage 3b, the average dose of furosemide was 40.0 mg ± 16.3 mg, torasemide—7.3 mg ± 3.0 mg, and spironolactone—35.7 mg ± 13.4 mg. In patients with CKD stage 4, the average dose of furosemide increased to 60.0 mg ± 52.9 mg.

On the first day of observation, the mean estimated osmolality in the group of patients receiving treatment (n = 59) was 300 [297; 304] mOsm/L, which was comparable to the group of patients not receiving treatment (n = 43), where the value was 299 [296; 302] mOsm/L with a p-value > 0.5, indicating that there was no statistically significant difference. However, on the seventh day, a statistically significant increase in osmolality was observed in the treatment group, reaching 302.2 [298.3; 305.8] mOsm/L compared to the nontreatment group, which had a value of 300.2 [295.9; 303.5] mOsm/L, with a p-value of 0.039. These data highlight the potential impact of therapeutic interventions on plasma osmolality as part of the treatment approach for chronic heart failure.



3.2 Changes in plasma osmolyte ratios on day 7 of diuretic therapy

On the first day (Figure 2) of observation, for patients who did not receive diuretics, no statistically significant differences were identified in the proportions of osmolytes relative to plasma osmolality between the groups planned for diuretic treatment and those who did not receive such treatment (glucose 2[1.8; 2.3] vs. 2[1.8; 2.4] p = 0.66, potassium 1.3[1.3; 1.4] vs. 1.3[1.3; 1.4] p = 0.35, sodium 46.3[45.9; 46.7] vs. 46.4[46.1; 46.8] p = 0,14, urea 2.5[1.9; 3.4] vs. 2.2[1.8; 2.6] p = 0.15).

[image: Four box plots show the effect of furosemide administration on the ratio of osmolality to different solutes on the seventh day. Plot A shows a significant increase in the urea ratio with furosemide. Plot B shows a significant decrease in the sodium ratio with furosemide. Plots C and D show non-significant changes in potassium and glucose ratios, respectively, as indicated by "ns" for not significant. Individual data points and statistical significance markers are presented.]

FIGURE 2
 Changes in the ratio of osmolytes in plasma on the 7th day of diuretic therapy are detailed as follows: (А) osmolarity to urea ratio, (B) osmolarity to sodium ratio, (С) osmolarity to potassium ratio, (D) osmolarity to glucose ratio.


In Figure 2, a comparison of the changes in the proportions of key plasma osmolytes is shown after 7 days of loop diuretic treatment. Changes in potassium and glucose levels did not show statistically significant differences, while an increase in the proportion of urea and a decrease in the proportion of sodium in plasma osmolality were observed in the group receiving diuretic therapy.

Therefore, after 7 days of diuretic treatment, a statistically significant increase in the proportion of urea and a decrease in the proportion of sodium were observed.



3.3 Relationship between plasma osmolytes and sodium intake levels

In Figure 3A, it is shown that during diuretic therapy, patients who consumed 10 grams of salt per day experienced a statistically significant increase in the proportion of urea compared to other osmolytes. A similar effect was observed with a diet of 6 to 10 grams of salt per day. Meanwhile, on a low-salt diet, no statistically significant relationship was observed. PropNa/eOSM (Figure 3B) showed statistically significant changes only with a diet of 10 grams of salt per day; with a salt intake of 6 to 10 grams per day, a similar trend was observed, but it was statistically non-significant, and no changes were observed with a diet of less than 6 grams per day.

[image: Panel A contains three box plots comparing the ratio of osmolality to urea on day seven for different salt intake groups with and without furosemide administration, highlighting statistical significance in red. Panel B presents similar box plots for the ratio of osmolality to sodium. Panel C shows scatter plots of the ratio of osmolality on day seven versus the proportion of urea, differentiated by salt intake and use of diuretics, with correlation coefficients and significance. Panel D displays analogous scatter plots for day eleven. Panel E provides bar graphs illustrating the percentage of subjects in each salt intake group.]

FIGURE 3
 Relationship of osmolytes with the level of salt intake, (А) ratio of urea to plasma osmolarity among patients with varying levels of salt intake, (B) ratio of sodium to plasma osmolarity among patients with varying levels of salt intake, (С) correlation of the ratios of urea and sodium to plasma osmolarity among patients with different levels of salt intake undergoing diuretic therapy over 7 days, (D) correlation of the ratios of urea and sodium to plasma osmolarity among patients with different levels of salt intake on the first day of the study without diuretics, (E) salt intake in the diuretic therapy group (red column) and without diuretics (green column).


Figure 3C shows a negative linear relationship between the proportions of urea and sodium relative to other osmolytes, with the most pronounced correlation seen with diets consuming 10 grams and 6 to 10 grams of salt per day during diuretic therapy. Furthermore, there was a shift in the proportion of urea to values above 3% and a decrease in the proportion of sodium below 45.5%, while without diuretics, this observation was not present in diets of 10 grams and 6–10 grams of salt per day, and the correlation level remained almost the same. With a salt intake of less than 6 grams per day, the linear relationship was less pronounced and almost all observations were concentrated in the range with a proportion of urea less than 3% and a proportion of sodium more than 45.5%.

Figure 3D demonstrates a negative linear relationship between the proportions of urea and sodium relative to other osmolytes before the start of diuretic therapy, with a more pronounced negative linear trend with diets of 10 grams and 6 to 10 grams of salt per day, and a less pronounced trend with a diet of less than 6 grams of salt per day.

In Figure 3E, the level of salt intake among groups of patients receiving diuretic therapy and those not receiving it is shown. The largest number of patients were observed in the groups with a diet that included a salt intake of 10 grams and less than 6 grams per day, and to a lesser extent in the 6–10 grams per day group. There were no statistically significant differences between the groups (p = 0.6).



3.4 Propensity score matching

Taking into account the presence of statistically significant differences between the compared groups (with and without diuretics) in terms of age, CHF stage, ejection fraction, glomerular filtration rate (GFR) and chronic kidney disease (CKD), pseudorandomisation was performed using the propensity score matching (PSM) method to eliminate the potential influence of CHF severity or significant contributions from renal disease and function in patients. After the pseudorandomisation procedure, the total number of patients was reduced to 71. However, biases in the aforementioned parameters were eliminated and the results are presented in Table 3.


TABLE 3 Group differences in key clinical characteristics after adjustment using propensity score matching (PSM).


	Characteristic
	Patients receiving diuretics, N = 311
	Patients not receiving diuretics, N = 431
	p-value2

 

 	Age (years) 	73 (65, 77) 	73 (67, 79) 	0.6


 	Ejection fraction (%) 	52.0 (50.0, 53.0) 	52.0 (50.0, 52.0) 	0.8


 	Estimated glomerular filtration rate (ml/min/1.73 m2) 	55 (49, 66) 	56 (48, 65) 	0.7


 	CKD (stage) 	 	 	0.2


 	 C1 	0 (0%) 	1 (2.3%) 	


 	 C2 	1 (3.2%) 	5 (12%) 	


 	 C3a 	13 (42%) 	23 (53%) 	


 	 C3b 	4 (13%) 	4 (9.3%) 	


 	 C4 	0 (0%) 	1 (2.3%) 	


 	 нет 	13 (42%) 	9 (21%) 	





1 Median (IQR); n (%).

2 Wilcoxon rank sum test; Pearson’s Chi-squared test; Fisher’s exact test.
 

In Table 4, the results of the impact of various osmolytes on osmolality after diuretics application, performed following the propensity score matching procedure, are presented. The table indicates that despite the balance of the sample for renal function, there are still statistically significant differences in the levels of urea, PropUrea/eOSM, and PropNa/eOSM on the seventh day of diuretic therapy. These changes suggest that the alterations in the contribution of urea to osmolality are not related to changes in renal function or a higher degree of CHF in patients, but are directly caused by the impact of diuretic therapy on muscle tissue, leading to increased urea synthesis and a reduction in the sodium proportion.


TABLE 4 Relationship of plasma osmolyte concentrations and their ratios to estimated plasma osmolality (eOSM) in patients receiving and not receiving diuretics after adjustment using propensity score matching (PSM).


	Characteristic
	Patients receiving diuretics, N = 281
	Patients not receiving diuretics, N = 431
	p-value2

 

 	Sodium day 1 (mMol/L) 	138.90 (137.33, 140.53) 	138.80 (137.20, 140.70) 	>0.9


 	Potassium day 1 (mMol/L) 	3.97 ± 0.38 	4.00 ± 0.41 	>0.9


 	Glucose day 1 (mMol/L) 	5.81 (5.40, 6.67) 	5.91 (5.39, 7.09) 	0.6


 	Urea day 1 (mMol/L) 	6.45 (5.15, 8.10) 	6.60 (5.50, 7.95) 	0.6


 	Sodium day 7 (mMol/L) 	139.40 (138.58, 140.93) 	139.80 (138.45, 141.20) 	0.8


 	Potassium day 7 (mMol/L) 	4.17 ± 0.48 	4.15 ± 0.47 	0.7


 	Glucose day 7 (mMol/L) 	5.26 (4.78, 6.52) 	5.33 (4.87, 6.25) 	0.9


 	Urea day 7 (mMol/L) 	7.95 (5.65, 9.90) 	5.90 (5.05, 7.50) 	0.012


 	Urea to osmolarity ratio (%) 	2.63 (1.89, 3.28) 	2.00 (1.70, 2.50) 	0.011


 	Sodium to osmolarity ratio (%) 	46.46 (46.02, 46.74) 	46.68 (46.33, 46.89) 	0.050


 	Potassium to osmolarity ratio (%) 	1.40 (1.32, 1.49) 	1.40 (1.26, 1.46) 	0.8


 	Glucose to osmolarity ratio (%) 	1.74 (1.59, 2.19) 	1.80 (1.63, 2.04) 	0.9





1 Median (IQR).

2 Wilcoxon rank sum test; Wilcoxon rank sum exact test.
 

In Figures 4A,B, the impact of salt intake and diuretic therapy on the contribution of key electrolytes to plasma osmolality is illustrated, following the PSM procedure.

[image: Side-by-side boxplots compare the effect of diuretics on the ratio of osmolarity to urea (panel A) and osmolarity to sodium (panel B) on day 7, grouped by salt intake categories over 10 grams, 6 to 10 grams, and under 6 grams. Statistical significance is indicated with red asterisks or “ns” for non-significant, and individual data points are shown as grey dots beneath each boxplot.]

FIGURE 4
 Comparison of the ratio of plasma osmolality to urea (A) and sodium (B) on day 7 of diuretic therapy across groups with varying levels of salt intake, after data adjustment using propensity score matching.


In graph A, it is shown that with high salt intake (more than 10 grams and from 6 to 10 grams per day), the use of diuretics is associated with a higher percentage contribution of urea to the total plasma osmolality. For salt intake of less than 6 grams per day, there is no statistically significant increase in the contribution of urea.

In graph B, a significant reduction in the sodium proportion in plasma osmolality is observed with a salt intake of more than 10 grams per day during diuretic therapy. Although statistical significance is not reached for the 6–10 grams range and less than 6 grams of salt per day, a trend toward a reduction in the proportion of sodium is still observed for the 6–10 gram group. The contribution of potassium and glucose to osmolality remains statistically insignificant regardless of the level of salt intake and diuretic use.

The box plots illustrate the distribution of median values, interquartile ranges, and individual measurements, providing a visual representation of changes in plasma electrolyte composition under the influence of these factors, adjusted using the PSM method.



3.5 Modeling results

In Table 5, the results of the modeling of the use of diuretics against the background of a diet with varying levels of sodium intake and the changes in the contributions of various osmolytes to plasma osmolality, such as urea, glucose, sodium, and potassium, and their impact on the likelihood of diuretic use in patients are presented.


TABLE 5 Multivariate logistic regression models evaluating the association between the use of diuretics and plasma osmolyte ratios on day 7, with adjustment for salt intake.


	Переменные
	Model 1
	Model 2
	Model 3
	Model 4



	OR1
	95% CI1
	p-value
	OR1
	95% CI1
	p-value
	OR1
	95% CI1
	p-value
	OR1
	95% CI1
	p-value

 

 	PropK/eOSM 	6.45 	0.62, 78.3 	0.12 	 	 	 	 	 	 	 	 	


 	Salt intake 	 	 	0.5 	 	 	0.6 	 	 	0.2 	 	 	0.3


 	 Over 10 grams 	— 	— 	 	— 	— 	 	— 	— 	 	— 	— 	


 	 6 to 10 grams 	1.68 	0.68, 4.20 	 	1.51 	0.62, 3.71 	 	2.65 	0.97, 7.71 	 	2.29 	0.86, 6.39 	


 	 Under 6 grams 	1.70 	0.57, 5.30 	 	1.54 	0.53, 4.69 	 	1.39 	0.40, 4.88 	 	1.54 	0.46, 5.38 	


 	PropGlucose/eOSM. 	 	 	 	1.32 	0.60, 3.13 	0.5 	 	 	 	 	 	


 	PropUrea/eOSM 	 	 	 	 	 	 	3.52 	1.94, 7.26 	<0.001 	 	 	


 	PropNa/eOSM 	 	 	 	 	 	 	 	 	 	0.16 	0.06, 0.39 	<0.001


 	AIC 	143 	 	 	145 	 	 	124 	 	 	126 	 	





1 OR, Odds Ratio; CI, Confidence Interval. Bold values indicate p < 0.001.
 

Model 1: Analysis of PropK/eOSM on the seventh day and various levels of salt intake yielded an odds ratio (OR) of 6.45 with a 95% confidence interval (CI) of [0.62; 78.3] and a p-value of 0.12. This indicates that there is no statistically significant effect of osmolality relative to potassium on the likelihood of diuretic use.

Model 2: Evaluation of PropGlucose/eOSM on day 7 and various levels of salt intake showed an OR of 1.32 with a 95% CI of [0.60; 3.13] and a p-value of < 0.5. Here, too, no statistically significant results were obtained, indicating that there was no dependence between diuretic use and changes in PropGlucose/eOSM.

Models 3 and 4: These models provide estimates for PropUrea/eOSM and PropNa/eOSM on the seventh day. In Model 4, the OR estimate for PropUrea/eOSM on day 7 is 3.52 with a 95% CI of [1.94; 7.26] and a p-value of < 0.001. This indicates a significant association between diuretic use and changes in PropUrea/eOSM. In contrast, an increase in osmolality compared to sodium on day 7 is associated with a significant reduction in the likelihood of diuretic use (OR = 0.16, 95% CI: 0.06–0.39, p < 0.001).

Thus, the results confirm that the use of diuretics in combination with a diet containing varying amounts of salt induces different changes in PropUrea/eOSM and PropNa/eOSM.

When constructing univariate models that evaluate the use of diuretics, PropNa/eOSM on day 7 and PropUrea/eOSM on day 7 without considering salt intake, statistically significant results are obtained. However, they are less robust compared to models that include the level of salt intake. For example, in the PropUrea / eOSM model, the odds ratio (OR) is 3.01 (95% CI 1.74, 5.89; p < 0.001), and for the PropNa / eOSM model, the OR is 0.19 (95% CI 0.07, 0.43; p < 0.001).




4 Discussion

The main finding of the present study is that patients with chronic heart failure (CHF) exhibit metabolic features resembling aestivation in response to loop diuretic therapy, particularly under conditions of high dietary sodium intake. This adaptation is characterized by a shift in plasma osmolyte composition—namely, an increase in the contribution of urea and a relative decrease in sodium—to maintain plasma osmolality and promote water conservation. The rise in the urea-to-osmolality ratio suggests enhanced proteolysis and nitrogen conservation, potentially indicating muscle catabolism. These mechanisms may contribute to the development of sarcopenia and reduced functional status commonly observed in CHF.

This study expands upon previously published findings in several important ways. It is the first clinical investigation to demonstrate a relationship between excessive sodium intake and the use of diuretics in patients with chronic heart failure, leading to dehydration. The results are consistent with prior studies conducted in cohorts of critically ill patients in intensive care units receiving diuretic therapy (5), where similar shifts in osmolyte composition—primarily an increased contribution of urea—were observed by day seven. These findings support the generalizability of the concept of metabolic aestivation as a universal adaptive response occurring under conditions of critical illness and fluid loss–associated therapy.

Aestivation can be characterized as a series of physiological adaptations aimed at preventing dehydration and death. The key goal of aestivation is the conservation of water in the body. The need to conserve water under conditions of high salt intake induces a state similar to aestivation in experimental mice (18).

Homer Smith was the first to study changes in osmolytes and body hydration in aestivating ‘lungfish’ (19). These fish, living in underground mud cocoons, enter a state of aestivation when in water that is hyperosmotic relative to their body fluids, which promotes water loss. To prevent dehydration, aestivating lungfish increase the level of urea in their plasma and tissues.

Urea and its transporters play a crucial role in the urine concentration processes in the kidneys. Studies show that in cases of protein deficiency, the ability to concentrate urine decreases, which can be restored by adding urea. Genetically modified mice lacking specific urea transporters demonstrate similar reductions in urine concentration capacity (18).

There is a hypothesis that a high concentration of urea in the interstitial space of the renal medulla is necessary for effective urine concentration. This is achieved by reabsorption of urea through specific protein transporters, such as UT-A1 and UT-A3. The UT-B1 transporter, present in erythrocytes, also plays an important role in this process, facilitating efficient countercurrent exchange and urine concentration. The absence of this transporter in humans and mice leads to a reduced urine concentration capacity (18).

The principle of water conservation in urine concentration through accumulation of urea has been previously established and confirmed in mice with impaired renal urea transporter function (20). According to previous data that indicate opposing effects of urea and NaCl osmolytes on urea transport managed by the UT-A1 transporter under conditions of acute osmotic diuresis, it is demonstrated that this principle of water conservation, dependent on urea, is used to maintain kidney concentration processes, possibly compensating for the osmotic diuretic effect of salt excretion. As a result, endogenous water accumulation ensures consistent urine volume despite intense natriuresis (20). These mechanisms are particularly relevant in patients with chronic heart failure undergoing diuretic therapy. The present study offers a novel perspective on intensive diuretic treatment, suggesting that it may activate distinct metabolic effects associated with the aestivation response.

Intense natriuresis can occur for various reasons and can be related to external factors that affect patients or the use of medications that increase natriuresis. Bankir et al. (21) previously noted that during the study ‘Dietary approaches to stop hypertension (DASH)’, increased salt excretion led to higher 
N

a
+

 concentrations in patient urine without increasing urine volume. These results underscore the importance of controlling kidney concentrating function and water conservation regulation as key factors in urine formation and extracellular volume homeostasis in humans with high salt intake.

Water conservation in the body through modification of urea osmolyte synthesis mechanisms in response to increased salt intake involves not only the kidney urea recirculation process but also activation of urea osmolyte synthesis in the liver and muscle tissue, as shown in a study in mice subjected to a high-salt diet (6). The study demonstrated that the urea content in the kidneys, liver, and muscles explains 87% of the variability in plasma urea levels in mice, with the liver contributing the most and the muscles the least. This indicates that the transport of urea osmolyte by the kidneys and the production of urea osmolyte in the liver and skeletal muscles are integrated physiological components. Considering the energy-intensive nature of urea synthesis, it has significant implications for energy metabolism with high salt intake, which can be observed under conditions of intensive diuretic therapy. Ishikawa et al. (22) showed that prolonged use of loop diuretics is associated with muscle wasting in patients with renal insufficiency.

The strengths of the present study are that it is the first to analyze the presence of an aestivation-like response in patients with chronic heart failure (CHF), depending on different levels of salt intake and the use of diuretic therapy. This expands upon prior findings by providing clinical evidence outside of the ICU setting. In the work of S. Nihlen et al. (5), the hypothesis of a similarity was presented between the human body’s response to fluid loss and the aestivation response in animals. The study included 241 post-intensive care patients and showed that the increase in total osmolality during the period of reducing body hyperhydration is due to loss of free water and changes in osmolyte balance: a decrease in the sodium contribution and an increase in the urea contribution. These results suggest an aestivation mechanism similar to the body’s response to prolonged dehydration, influencing patient survival. In an intensive care unit study from the third to the seventh day, 177 patients (73%) received furosemide. The analysis showed that the correlation between the proportion of urea and effective osmolality on the seventh day after the adjusted cumulative dose of furosemide was r = 0.55. Among patients with and without renal replacement therapy, this figure was r = 0.54 and r = 0.55, respectively. In the subgroup without furosemide and renal replacement therapy (n = 17), the correlation reached r = 0.92. For patients treated with furosemide but without renal replacement therapy, the figure was r = 0.61. There was a shift in the osmolytes from sodium (Na+) and potassium (K+) to urea, i.e., from inorganic to organic osmolytes. This phenomenon was also present in patients with normal estimated glomerular filtration rate (eGFR), even after adjusting the model for eGFR. Finally, although the level and dynamics of osmolality during the 3–7 days of ICU stay were similar between survivors and nonsurvivors, the urea-to-effective osmolality ratio was higher in patients who did not survive 90 days after ICU admission.

In 2022, Hultström et al. (23) conducted a study analyzing the effects of dehydration in patients with COVID-19, particularly examining the response to aestivation in the body and its impact on long-term disease outcomes. The results showed that metabolic aestivation in response to dehydration in patients with COVID-19 is associated with the severity of the disease. Metabolomic analysis identified amino acids with an aestivation profile, indicating muscle protein breakdown and the use of released amino acids for urea synthesis in the liver (24).

A study by C. Baumgartner et al. (25) examined the relationship between glycerophosphocholine (GPC), an organic osmolyte, and surrogate parameters of hydration status and osmolality in healthy individuals using non-invasive 31P-magnetic resonance spectroscopy of the calf and thigh muscles. In a sample of 30 volunteers, significant correlations were found between GPC levels and markers of fluid and electrolyte balance, such as uric acid (r = 0.437, p = 0.018) and urea (r = 0.387, p = 0.035). Multiple regression analysis revealed that GPC concentrations could predict changes in uric acid levels (R2 = 0.462, adjusted R2 = 0.421, p < 0.001), suggesting that the GPC content in skeletal muscles adapts in response to changes in fluid status.

The results of the present study demonstrated that changes in the contribution of individual osmolytes to plasma osmolality—particularly the increase in the proportion of urea—reflect the activation of water-conserving mechanisms, which play a key role in urine formation and the maintenance of extracellular fluid homeostasis in patients with chronic heart failure (CHF), especially under conditions of high salt intake and intensive diuretic therapy. Furthermore, the findings suggest that the altered contribution of urea to osmolality is not related to changes in renal function or more advanced CHF, but rather is a direct consequence of the effects of diuretic therapy on muscle tissue, leading to increased urea synthesis and a reduction in the proportion of sodium.

A study by G. Rossitto et al. (26) demonstrated that in patients with hypertension, a high sodium intake (>5 g/day) is associated with an increased glomerular filtration rate (127.5 mL/min/1.73 m2 vs. 94.1 mL/min/1.73 m2 with low sodium intake, p = 0.001) and increased renal energy expenditure for sodium reabsorption (difference of 18 kcal/day, p < 0.001), despite high fractional sodium excretion (0.81% vs. 0.39%, p < 0.001) and low water excretion (0.89% vs. 1.13%, p = 0.015). This leads to a catabolic shift and an increase in protein metabolism byproducts, which may elevate cardiovascular risk independently of blood pressure.

We hypothesized that the degree of aestivation might differ in patients on a diet with varying salt content undergoing intensive diuretic therapy. This is because patients on a long-term high-salt diet may have osmotically inactive sodium in muscle tissue (27). In our previous work (28), we found a relationship between Na + and negatively charged glycosaminoglycan (GAG) structures in rats on a high-salt diet. Therefore, we decided to investigate how excessive salt intake and intensive diuretic therapy in patients with CHF without ICU would affect the development of aestivation. In intensive diuretic therapy with sodium loss, partial replenishment can occur due to osmotically neutral sodium, so in our study, under a high-salt diet, the transition from inorganic (high sodium proportion) to organic osmolytes (high urea proportion) is more pronounced with a high-salt diet, whereas the effect is statistically insignificant with a diet containing less than 6 grams of salt per day. In our study, after 7 days of diuretic therapy, a statistically significant increase in the proportion of urea was observed (from 2.2% [1.8; 2.6] to 2.5% [1.9; 3.4], p = 0.15) and a decrease in the sodium proportion in plasma (from 46.4% [46.1; 46.8] to 46.3% [45.9; 46.7], p = 0.14) were observed. At the initial observation stage (first day), no statistically significant differences in plasma osmolality were found between the diuretic-receiving and nondiuretic-recipient groups.

To our knowledge, this is the first study to show that in patients who consume more than 10 grams of salt per day and undergo intensive diuretic therapy, urea increases significantly (p < 0.05) compared to other groups. However, with diets consuming 6 to 10 grams of salt per day and less than 6 grams, changes in the proportion of urea and sodium were statistically non-significant (p > 0.05). It is important to note that this is relevant in the context of hemodynamic changes, which are frequently observed and worsen the prognosis of patients with chronic heart failure (CHF). For instance, in the study by Sonaglioni A. et al. (29), heart failure patients exhibiting the “cold-dry” phenotype had significantly worse survival outcomes compared to other hemodynamic subtypes (p < 0.001), partly due to high sodium levels (HR 1.03, 95% CI 1.01–1.04). Consequently, the administration of diuretics to patients with the “cold-dry” hemodynamic profile should be approached with particular caution, and treatment should primarily aim to improve cardiac output and tissue perfusion.



5 Conclusion

The present study demonstrated that in patients with chronic heart failure (CHF), intensive loop diuretic therapy—particularly against the background of excessive sodium intake—is associated with changes in the plasma osmotic profile characteristic of metabolic aestivation. The key observation was a statistically significant increase in the contribution of urea and a decrease in the proportion of sodium to calculated plasma osmolality, indicating activation of water conservation mechanisms. These changes were not attributable to the severity of CHF or impaired renal function, as shown by the post–propensity score matching (PSM) analysis, and likely reflect osmolyte redistribution resulting from diuretic therapy and enhanced proteolysis.

From a clinical perspective, these findings suggest that monitoring the urea-to-osmolality ratio during the initial days of diuretic therapy may serve as an early biomarker for metabolic stress and muscle catabolism risk. Clinicians managing CHF patients should consider implementing individualized diuretic strategies that account for baseline dietary sodium intake, with particular attention to patients consuming >10 g/day of salt who may be at increased risk for aestivation-like metabolic responses. Early recognition of elevated urea-to-osmolality ratios should prompt consideration of nutritional support, physical therapy interventions, and potentially modified diuretic dosing regimens to achieve optimal fluid balance while minimizing catabolic consequences.

Thus, the findings offer a novel perspective on therapeutic strategies in the management of CHF. In particular, they highlight the importance of an individualized approach to prescribing diuretics that accounts for dietary sodium intake: high sodium consumption may exacerbate the adverse metabolic consequences of therapy by promoting a shift from inorganic to organic osmolytes and triggering skeletal muscle catabolism. This, in turn, may contribute to the development of sarcopenia and reduced functional capacity. The concept of metabolic aestivation may provide a new pathophysiological explanation for fatigue and weakness syndromes in such patients and warrants further investigation in clinical settings.



6 Limitations of the study

The present study has several limitations. It was conducted within a single medical center, which limits the generalizability of the findings to the broader population of patients with chronic heart failure (CHF). Despite the use of the propensity score matching (PSM) method, the final sample size was relatively small, reducing the statistical power of the analysis and precluding subgroup stratification. We did not perform direct measurements of muscle catabolism; thus, conclusions regarding increased proteolysis are based on indirect indicators (i.e., an increase in the proportion of urea in plasma osmolality). The study lacks long-term follow-up, so clinical outcomes such as changes in muscle mass, physical activity, and survival were not evaluated. The influence of other medications prescribed for heart failure—many of which may also induce diuresis and electrolyte disturbances—should also be investigated. Finally, the study did not assess direct markers of the hormonal stress response (e.g., cortisol, vasopressin, or ACTH), which could further clarify the underlying pathophysiological mechanisms.

Additionally, this study did not evaluate the clinical utility of the urea-to-osmolality ratio as a monitoring tool in routine clinical practice, nor did it assess the potential impact of implementing aestivation-aware diuretic strategies on patient outcomes such as length of stay, readmission rates, or functional status at discharge. Future prospective studies should investigate whether routine monitoring of osmolyte ratios and implementation of targeted interventions based on these findings can improve clinical outcomes and reduce the incidence of diuretic-associated muscle wasting in CHF patients.
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Adjusted model: gender, BMI, HDL, TC, uric acid, diabetes, trouble sleeping, age, race and ethnicity, educational level, physical activity, smoke, HbA1c, failing kidneys, hypertension, marital
status, PIR, drinking status, creatinine, total energy intake.

BML, body mass index; HbAlc, glycated hemoglobin Alc; HDL-C, high density lipoprotein cholesterol; TC, total cholesterol; TyG, Triglyceride-glucose index; PIR, family poverty income ratio;
95% CI, 95% confidence interval.
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Non-Hispanic Black —0.26 (=0.36 to —0.15) <0.001
Mexican American 0.02 (—0.09 t0 0.13) 0.710
Others —0.05 (=0.13 t0 0.03) 0219
Education level

<9 0 (reference)

9-12 —0.09 (—0.23 t0 0.05) 0.199
>12 —0.22 (=034 to —0.11) <0.001
Married or living with a —0.05 (=0.13 0 0.02) 0.154
partner

BMI kg/m* 0.03 (0.02 to 0.03) <0.001
BMI

<18.5 kg/m? 0 (reference)

18.5-24.9 kg/m? —0.02 (=0.19t0 0.16) 0.845
25-29.9 kg/m? 0.41 (0.22 to 0.59) <0.001
>30 kg/m* 0.52 (034 t0 0.70) <0.001
Physical activity

Sedentary 0 (reference)

Moderate —0.16 (=027 to —0.05) 0.005
Vigorous —0.10 (021 t0 0) 0.053
Smoking status

Never 0 (reference)

Former 0.13 (0.02 t0 0.23) 0.02
Current 0.17 (0.04 to 0.31) 0.014
Drinking status 0 (reference)

>12 alcohol drinks a year 0.04 (—0.06 to 0.14) 0.384
Trouble sleeping 0.14 (0.05 to 0.24) 0.004
HbAlc (%) 0.28 (023 t0 0.34) <0.001
HDL (mg/dL) —0.02 (—0.02 to —0.02) <0.001
TC (mg/dL) 0.01(0t00.01) <0.001
Creatinine (mg/dL) 0.20 (0.04 to 0.36) 0.107
Uric acid (mg/dL) 0.14 (0.11 t0 0.18) <0.001
Failing kidneys 0.25 (0.09 to 0.41) 0.003
Hypertension 0.32 (0.25 t0 0.40) <0.001
Diabetes 0.60 (0.51 to 0.69) <0.001
Log-transformed serum 1.16 (0.55-1.78) <0.001

zine (ug/dL)

Data presented are p and 95% CI.

BMI, body mass index; HbAL, glycated hemoglobin Ale; HDL-C, high density lipoprotein
cholesterol; TC, total cholesterol; 95% CI, 95% confidence interval.
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Variable g Crude model Model 1 Model 2 Model 3

B (95% Cl) [? B (95% Cl) [P B (95% Cl) [P B (95% Cl) P value

value value value

log-transformed 1,624 1.16 (0.55 to <0.001 0.50 (0.04 to 0033 0.50 (0.08 to 0.022 050 (0.08 to 0023

serum zinc 1.78) 0.96) 0.92) 0.93)

(g/dL)

Quartiles [log-transformed serum zinc (g/dL)]

QI (1.69-1.89) 397 ~0.07 (~0.19 028 0.004 (~0.08 092 0.004 (~0.08 093 0.01 (—0.08 to 0.89
t0 0.06) t00.09) t0.0.09) 0.09)

Q2(1.90-1.93) 408 —0.08 (—0.20 0.28 001 (—0.06 to 0.76 0.01 (—0.05 to 075 0.01 (~0.06 to 0.83
10 0.05) 0.08) 0.07) 0.07)

Q3 (1.94-1.97) 401 0 (Ref) 0 (Ref) 0 (Ref) 0 (Ref)

Q4(1.98-2.37) 404 0.13(0.02to 0016 0.09(0.02 to 0015 0087 (0.012 to 0.025 009 (0.01 to 0025

0.23) 0.17) 0.16) 0.17)
P for trend 0031 0011 0.018 0020

Data presented are B and 95% CI.

Model 1: Adjusted for gender, BMI, HDL-C, TC, uric acid, diabetes, trouble sleeping.

Model 2: Adjusted for Model 1 + age, race and ethnicity, educational level, physical activity, smoke, HbAlc, failing kidneys, hypertension.

Model 3: Adjusted for Model 2+ marital status, PIR, alcohol, creatinine, energy.

BMI, body mass index; HbA Ic, glycated hemoglobin A1; HDL-C, high density lipoprotein cholesterol; TC, total cholesterol; PIR, family poverty income ratio; 95% CI, 95% confidence interval.
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Variable log- Crude model Adjusted model
transformed

serum zinc B (95% P B (95% ClI) P
(rg/dL) Cl) value value
<1.94 0.33 0.58 0.26 (—0.65 to 0.56
(—0.85to 1.16)
1.50)
>194 152 (0.34 0013 096 (025 to 001
102.70) 1.66)

Data presented are f and 95% CI

Adjusted for gender, BMI, HDL-C, TC, uric acid, diabetes, trouble sleeping, age, race and
cthnicity, educational level, physical activity, smoke, HbA Ic, failing kidneys, hypertension,
marital status, PIR, drinking status, creatinine, total energy intake.

BMI, body mass index; HbA ¢, glycated hemoglobin Alc; HDL-C, high density lipoprotein
cholesterol; TC, total cholesterol; PIR, family poverty income ratio; 95% CI, 95%
‘confidence interval.
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Variable <60 years (n = 1,065) >60 years (n = 545)

Crude model Adjusted model Crude model Adjusted model
Log-transformed B (95%Cl)  P-value B (95%Cl) P-value B (95%Cl)  P-value B (95%Cl) P-value
serum zinc (ng/dL)
<194 039(~123~2.00) | 063 | —0.41(~1.65~0.84) 050 | 020(~171~210) 083 1.98 (0.62~3.35) 0.01
>1.94 185 (0.54~3.16) 001 121 (0.49~1.94) 0002 | 038(~158~2.34) | 070 | —0.05(—1.98~1.89)  0.95

Adjusted model: gender, BMI, HDL, TC, uric acid, diabetes, trouble slecping, age, race and ethnicity, educational level, physical activity, smoke, HbAL, failing kidneys, hypertension, marital
status, PIR, drinking status, creatinine, total energy intake.

BMI, body mass index; HbAlc, glycated hemoglobin Ale; HDL-C, high density lipoprotein cholesterol; TC, total cholesterol; TyG, Triglyceride-glucose index; PIR, family poverty income ratio;
95% CI, 95% confidence interval.
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Covariates Total Age < Age >

(n= 60 (n = 60 (n =
1,610) 1,065) 545)
Age (mean % SD, 49.6 + 394 %117 69.6% 6.6 <0.001
years) 17.6
Gender, n (%)
Male 839 (52.1) 550 (51.6) 289 (53.0) 0.60
Female 771 (47.9) 515 (48.4) 256 (47.0)

Race/Ethnicity, n (%)

Non-Hispanic 696 (43.2) 415 (39.0) 281 (51.6) <0.001

White

Non-Hispanic 303(18.8) | 209(19.6) 94(17.2)
Black

Mexican 219 (13.6) 157 (14.7) 62 (11.4)
American

Others 392(244) | 284(267) 108 (19.82)

Education level, n (%)

<9 137 (8.5) 59 (5.5) 78 (14.3) <0.001
9-12 556 (34.5) 357 (33.5) 199 (36.5)
>12 917 (57.0) 649 (60.9) 268 (49.2)

Marital status, n (%)

Living alone 969(602) | 634(59.5) 335 (61.5) 045
Marriedorliving | 641(39.8) | 431(40.5) 210 (38.5)

with a partner

PIR, n (%)

Low (PIR <1.3) 526(327) | 349 (32.8) 177 (32.5) 037
Medium (PIR 604 (37.5) 388 (36.4) 216 (39.6)

>13-3.5)

High (PIR >3.5) | 480(29.8) | 328(30.8) 152 (27.9)

BMI (kg/m?), 293£7.1 | 293%74 293+64 093
mean % SD

BMI, n (%)

<18.5 kg/m? 30(1.9) 23(22) 7(13) 033
18.5-24.9 kg/m? 442(27.4) | 301(283) 141 (25.9)

25-29.9 kg/m? 526 (32.7) 336 (31.6) 190 (34.9)

>30 kg/m? 612 (38.0) 405 (38.0) 207 (38.0)

Physical activity, n (%)

Sedentary 743 (462) | 452 (42.4) 291 (53.4) <0.001
Moderate 537(33.4) | 354(332) 183 (33.6)

Vigorous 330(205) | 259 (24.3) 71(13.0)

Smoking status, n (%)

Never 890(553) | 625(587) 265 (48.6) <0.001
Former 408(253) | 192(18.0) 216 (39.6)
Current 312(194) | 248(233) 64(11.7)

Drinking status, n (%)

>12 alcohol 1,189 816 (76.6) 373 (68.4) <0.001

drinks a year (73.8)

Trouble sleeping, 431 (26.8) 260 (24.4) 171 (31.4) 0.0029

n (%)

HbAIc (%), mean 577+ 5.62 £1.05 6.07 & 1.08 <0.001

+SD 1.08

HDL-C (mg/dL), 54.0% 52.7 £14.9 56.5£17.3 <0.001

mean =% SD 15.8

TG (mg/dL), 114.1 £ 1124 £67.1 117.4 £61.8 0.14

mean % SD 65.4

Creatinine 0.89 + 0.84 & 0.36 1.00 £0.57 <0.001

(mg/dL), mean + 045

SD

TC (mg/dL), 191 £41 191 £ 40 190 =41 0.62

mean & SD

Energy (keal), 2,119 2,233 £912 1,897 £744 <0.001

mean =% SD 873

FPG (mg/dL), 109 £34 105 £32 116 £36 <0.001

mean = SD

Uric acid 553+ 5454 1.38 5.68 £ 1.35 0.0014

(mg/dL), mean = 1.37

SD

TyG, mean £ SD 8.55 8.49 %+ 0.66 8.67 ££0.60 <0.001
£0.64

log-transformed 1.94 1.94 £0.07 1.94 £0.07 0.29

serum zinc £0.07

(g/dL), mean £

SD

Hypertension, n 748 £46 386 £36 362 266 <0.001

(%)

Diabetes, 7 (%) 365 (22.7) 144 (13.5) 221 (40.6) <0.001

Failing kidneys, 60 (3.7) 22(2.1) 38 (7.0) <0.001

(%)

Data presented are mean = SD or N (%).
SD, standard deviation; PIR, family poverty income ratio; BMI, body mass index; HbAlc,
glycated hemoglobin Ale; HDL-C, high density lipoprotein cholesterol; TG, triglyceride; TC,
total cholesterol; FPG, fasting blood glucose; TyG, triglyceride-glucose index.
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Covariates

Explanation

age

The age was divided into less than 40, between 40 and 59, or 60 and above.

gender

The gender was divided into “Male” or “Female”.

race

The race was divided into “Mexican American”, “Other”, “Non-Hispanic
‘White” or “Non-Hispanic Black™.

education

The education was divided into “Less than high school”, “high school” or
“Above high school”.

PIR

The PIR was divided into “less than 1(low income)”, “between 1 and
3(middle income)™, or “more than 3 (higher level of income)”.

A “YES” answer in questionnaires asking whether the participant had been
diagnosed with this disease by a doctor.This covariate was analyzed using
“YES” or “NO”.

DM

A “YES” answer in questionnaires asking whether the participant had been
diagnosed with this disease by a doctor This covariate was analyzed using
“YES” or “NO”.

VD

Cardiovascular disease history was determined by questionnaire responses
regarding congestive heart failure, coronary heart disease, angina‘angina
pectoris, or heart attack This covariate was analyzed using “YES” or “NO™.

smoke

Participants were categorized into former smokers, current smokers and
never smokers based on their responses to the questionnaire. Former smokers
were those who had smoked more than 100 cigarettes in their lifetime but
were not current smokers. Current smokers were defined as those who had
previously smoked >100 cigarettes and were currently smoking.
Non-smokers were defined as those who denied having smoked 100
cigarettes in their lifetime.

activity

Participants who had engaged in vigorous or moderate physical activity in
the past 30 days were considered physically active; otherwise, they were
considered physically inactive. Participants who answered no clear were
categorized as “Unknown”.

BMI

Body mass index (BMI) was categorized as less than 25, 25-29.9, or 30 and
above.

daily  energy
intake

Dietary data in NHANES were based on a 24-hour recall method and energy
values were calculated by trained staff. Energy intake was analyzed using
continuous variables.
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80312 Participants in
NHANES from 2003 to 2018

14795 Potential subjects
further analyzed

65517 Excluded
29470 missing data on y glutamyltransferase
2223 missing data on waist

25091 missing data on fasting glucose

8641 missing data on insulin

66 missing data on Neutrophil count

26 missing data on BMI

4266 participants with US-
FLI>30

10529 Excluded
10529 participants with US-FLI< 30

3330 participants with MAFLD

936 Excluded

416 age < 20 years old

40 pregnancies

11 Positive hepatitis B surface antigen
77 Positive hepatitis C antibody or HCV
RNA

392 Heavy alcohol consumption

2908 participants with MAFLD
included in the analysis

422 Excluded
422 missing data on follow-up outcomes
and other variables
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Bacteria AU 95% ClI
Klebsiella_pneumoniae_g__Klebsiella 0.688 0.504-0.872
uncultured_organism_g__Lachnoclostridium 0.688 0.518-0.858
Ruminococcus_callidus_g__Ruminococcus 0.689 0.531-0.848
Butyricimonas_sp._g__Butyricimonas 0678 0.564-0.791
[Eubacterium]_siraeum_g__[Eubacterium]_siracum_group. 0.664 0.535-0.793
uncultured_bacterium_g__Clostridia_UCG_014 0.609 0.523-0.695
Lactobacillus_salivarius_g__Lactobacillus 0.257 0.098-0.416
uncultured_organism_g__Barnesiella 0.650 0.536-0.763
Ralstonia_insidiosa_g__Ralstonia 0.665 0.508-0.822
uncultured_bacterium_g__Sellimonas 0.619 0.499-0.739
uncultured_bacterium_g__Clostridia_vadinBB60_group 0.652 0.556-0.748
metagenome_g__uncultured 0609 0523-0.695
uncultured_organism_g__Coprobacter 0.609 0.523-0.695
Clostridioides_difficile_g__Clostridioides 0.382 0.278-0.486
uncultured_bacterium_g__Lachnospiraceae_UCG_010 0412 0.318-0.505
Dielma_fastidiosa_g__Dielma 0.412 0.318-0.505
uncultured_Kroppenstedtia_g__Kroppenstedtia 0412 0.318-0.505

AUC, area under the curve.
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NHANES 2001-2016 (n =82097)

Missing any of the OBS and 10-year

1 ASCVD risk components (n=68356)

Diagnosed ASCVD (n=1456)
Missing other data (n=149):
Education (n=4)

> WBC (1=26)

Marital (n=8)

CKD (n=52)

ALT (n=37)

Participants were included in

observational study (n =11936)

Participants with high ASCVD risk
(n=4897)

—>| Missed mortality data(n =5 )

participants were included in cohort study
1892)






OPS/images/fnut-11-1422946/fnut-11-1422946-g002.jpg





OPS/images/fnut-12-1478165/fnut-12-1478165-g004.jpg
Exposures HR(95%Cl)  P1value Modelt

a1
@
a3
Qs

1.24(1.07, 1.44) 0005
1.26(1.08,1.46) 0003
1.48(1.28,1.72) <0001

HR(95%Cl)  P2value Model2

—— 121(1.04,1.40) 0014
—— 1350116, 157) <0.001
—e— 1470126, 171) <0.001

15

1

HR(95%Cl)  P3value Model3

——  113097,131) 0413
—— 122(1.04,1.42) 0013
—=— 128(1.10,1.49) 0002

15
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Features PG-SGA

Non-malnutrition Malnutrition group(>4)

group (<4)n = 32 n=48
Age (y) 62.10 £7.56 59.38 £6.90 63.92£7.58 0.062
Height (cm) 167.43 £8.47 169.12 £ 8.23 166.29 % 8.61 0.306
Weight (kg) 66.10 £12.12 69.88 £ 1078 63.58 £ 12.52 0.109
BMI (kg/m?) 2347 £3.19 2430 £2.17 2291 £3.66 0.142
NRS2002 score 2.80 % 1.40 1.69 £1.20 3544098 <0.001
QOL score 53.5246.26 57.81£2.20 50.67 + 6.48 <0.001
History of diabetes 8 (10.0%) 0(0.0%) 8 (100.0%) 0237
History of hypertension 4(5.0%) 2(50.0%) 2(50.0%) 1.000
History of CHD 38 (47.5%) 10 (26.3%) 28 (73.7%) 0.093
Family history of cancer 64 (80.0%) 28 (43.75%) 36 (56.25%) 0572
Sex 0.572
Male 64 (80.0%) 28 (43.8%) 36 (56.2%)
Female 16 (20.0%) 4(25.0%) 12/(75.0%)
Educational status 0.238
Illiterate 6(7.5%) 2(33.3%) 4(66.7%)
Primary school 10 (12.5%) 0(0.0%) 10 (100.0%)
Middle school 46 (57.5%) 20 (43.5%) 26 (56.5%)
University and above 18 (22.5%) 10 (55.6%) 8 (44.4%)
Socioeconomic status 0.051

(annual income, RMB)

< ¥50,000 18 (22.5%) 12 (66.7%) 6(33.3%)

#50,000-¥ 100,000 40 (50.0%) 8(20.0%) 32(80.0%)

¥100,000-¥ 150,000 16 (20.0%) 8(50.0%) 8(50.0%)

¥150,000+ 6 (7.5%) 4(66.7%) 2(33.3%)

Drinking status 0.039
No 22(27.5%) 4(18.2%) 18 (81.8%)

Occasionally 14 (17.5%) 12 (85.7%) 2 (14.3%)

Often 6(7.5%) 2(33.3%) 4(66.7%)

Alcoholism 38 (47.5%) 14 (36.8%) 24 (61.2%)

Smoking status 0.481
Don’t smoke or quit 44 (55.0%) 14 (31.8%) 30 (68.2%)

Quit smoking <12 months 26 (32.5%) 14.(53.8%) 12 (46.2%)

Smoking 10 (12.5%) 4(40.0%) 6(60.0%)

Exercise 0.108
No 30 (37.5%) 14 (46.7%) 16 (53.3%)

Occasionally 30 (37.5%) 6(20.0%) 24 (80.0%)

Often 20 (25.0%) 12 (60.0%) 8 (40.0%)

Cancer staging 0513
1 6(7.5%) 2(33.3%) 4(66.7%)

it 2 (2.5%) 2(100.0%) 0(0.0%)

1 2 (2.5%) 2(100.0%) 0(0.0%)

v 70 (87.5%) 26 (37.1%) 44 (62.9%)
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Indicators PG-SGA

Non-malnutrition Malnutrition group (>4)
group (<4)n = 32 n =48
Nutrient intake
Energy (Kcal/d) 2,170.93 £ 349.77 1,964.92 % 339.72 0.071
Protein (g/d) 88.22+22.04 96.31 £ 1626 0.189
Fat (g/d) 73.97 £ 1551 73.32 £ 1497 0.896
Carbohydrates (g/d) 279.07 £ 75.66 221.45 £ 50.00 0.006
Fiber (g/d) 12.64 £6.19 9.01+3.72 0.026
Blood biochemical indexes

HB (g/L) 129.81 £ 15.13 12442 £24.52 0438
RBC (102/L) 4234048 4.07 £0.63 0416
WBC (10°/L) 577 £199 612+ 151 0539
Neutrophil (%) 64.96 £ 10.02 63.11£1039 0.580
Lymphocyte (%) 24.49£7.48 26.56 £ 9.30 0.462
Monocyte 6.98+2.67 7.80 252 0.325
Eosinophilic 3194501 205+2.16 0.330
PLT (10°/L) 222.25 7688 243.25 £76.88 0.407
CRP (mg/dL)-median 0.25 (0.10-0.50) 0.88 (0.22-1.60) 0.033
(P25-P7s)

ALT (U/L) 19.44 £ 11.82 17.31 £8.63 0513
AST (U/L) 2071+ 1278 17.33 £5.18 0250
TP (g/L) 68.62 £ 3.89 68.62 £ 4.89 0.673
ALB (g/L) 40.74 £2.51 37.9442.58 0.002
BUN (umol/L) 4.58 % 1.66 513 %130 0244
Ser (umol/L) 72.86 £ 12.89 7747 £22.94 0471
UA (umol/L) 340.84 £91.88 321.10 £ 96.98 0.524
Calcium (mmol/L) 226 £0.09 230£0.13 0224
Phosphorus (mmol/L) L11£0.17 L13£021 0.836
IgA (mg/dL) 261.81 £97.94 258.88 £ 92.08 0.924
1gG (mg/dL) 1,098.25 % 197.24 1,111.33 + 331.86 0.888
IgM (mg/dL) 62.06+23.43 65.09 +28.07 0723
SOD (U/mL) 141.92 + 13.72 137.15 £ 16.85 0353

HB, Hemoglobin; RBC, Red blood count; WBC, White blood count; PLT, Platelet count; CRP, C-reactive protein; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; TP, Total
protein; ALB, Albumin; BUN, Blood urea nitrogen; Scr, Serum creatinine; UA, Uric acid; Ca, Calcium; P, Phosphorus; IgA, Immunoglobulin A; IgG, Immunoglobulin G; IgM, Immunoglobulin
M; SOD, Superoxide dismutase.
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Indicators PG-SGA

No Malnutrition
malnutrition group(>4)
group (<4) n=48
n=32
Height (cm) 169.44 £ 8.64 166.38 & 8.59 0277
Weight (kg) 69.38 % 10.74 63.88 % 12.05 0.148
BMI (kg/m?) 23.97 £1.92 22.81 +3.30 0214
BMR (keal/d) 1,806.18 £320.73 | 1,592.93 + 174.20 0.010
PA () 7.18 £ 2.07 5.76 % 0.68 0.003
FEM (kg) 62.09 % 12.10 55.28 £9.23 0.051
FEM/BW (%) 89.15+£7.24 87.19 +7.89 0.430
TBW (kg) 46.07 £8.79 41.08 £6.51 0.046
TBW/BW (%) 66.36 £ 7.50 65.01 £7.33 0575
ECW (kg) 1893 £2.63 19.25+2.73 0719
ECW/TBW (%) 42.00 +6.82 47.10 £3.53 0.004
ICW/TBW (%) 58.00 £ 6.82 52.90 +3.53 0.004
BCM (kg) 36.43 £ 11.06 29.06 % 6.01 0.010
EM (kg) 7.29 £ 4.70 8.60 £ 5.69 0451
EM/BW (%) 10.85£7.24 12.81 £ 7.89 0.430
MM (kg) 32.90 £ 8.01 2845 %547 0.043
MM/BW (%) 47.23 £8.69 45.05+7.94 0417
SMI 1139 +2.14 10,10 + 143 0.028
SMM (kg) 32.90 £ 8.01 2845 547 0.043
ASMM (kg) 2458 £6.12 20.60 +3.75 0.015
EMI 254+ 178 3.08%2.10 0.406
FEMI 2143 £2.54 19.73+2.25 0.033

BMI, Body mass index; BMR, Basal metabolic rate; PA, Phase angle; FEM, Fat free mass;
BW, Body mass; TBW, Total body water; ECW, Extracellular water; ICW, Intracellular water;
BCM, Body cell mass; FM, Fat mass; MM, Muscle mass; SMI, Skeletal muscle index; SMM,
Skeletal muscle mass; ASMM, Appendicular skeletal muscle mass; FMI, Fat mass index; FEMI,
Fat-free mass index.
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Population Intervention Comparison Outcome Glycemic Lipid profiles Inflammatory Oxidative stress
measures control markers markers
Nikooyeh etal. | 92 adults with ORZ-fortified Unfortified Primary: WC, BP, FBG, Significant reductions in There was a significant Not reported. Not reported.
(36) T2DM, aged 20-65 canola oil canola oil (n = HbAle, TG FBG (134.0 £ 6.2 mg/dL decrease in TG (134.7 £
years, not receiving | (Group I, n = 32)and SO (n = - 1264+58mg/dl) | 98mgdL— 1168+
insulin, recruited 30) for 12 weeks; 30) for 12 weeks and HbAlc (6.1% £ 7.8 mg/dL) only in the
from Iran Diabetes unfortified 0.12% — 5.4% + ORZ-fortified canola oil
Society and the canola oil 0.12%) in ORZfortified | group. A reduction in
general population, | (Group2,n= canola oil group only. TG was observed in all
with BMI 28.4 + 32) for 12 weeks; groups but not
0.79 for Group 1, SO (Group 3, n substantial for
29.7 £ 0.72 for =30) for 12 unfortified canola oil
Group 2,and 29.2 weeks; (147.1 £ 11.8 mg/dL —
%+ 0.68 for Group 3 Randomized, 129.8 £ 10.5 mg/dL) or
double-blind SO (131.1 & 10.5 mg/dL
clinical trial — 115.7 £ 7.7 mg/dL).
Haldar et al. 143 borderline 30g of refined Refined olive oil Primary: Serum TC, Significant reductionsin | Significant reductionsin | Not reported. Not reported.
(39) hypercholesterolemic | rice bran, (n=47) LDL-C, TG, apoB, TCto | FBG levels (—1.51%). serum TC (—3.47%),
Chinese volunteers, flaxseed, and HDL-C ratio, apoB to LDL-¢ (—4.16%), TG
aged 50-70 years, sesame oil apoAl ratio; Secondary: (—10.3%), apoB
with BMI <27.5 blends per day Systolic and diastolic BP, (—3.93%), TC to HDL-C
kg/m? for 8 weeks (n = serum glucose, body ratio (—3.44%), apoB to
88); weight apoAl ratio (—3.99%),
Parallel-design, systolic and diastolic BP
randomized (—3.32% and —3.16%);
controlled trial Small but significant
increase in body weight;
No significant effects on
HDL-Cor apoAl
concentration.
Aslam etal. 46 adults (18-60 30 ml of white 30 ml of soybean Primary: Blood glucose, Blood glucose decreased Not reported. Not reported. TBARS decreased
(38) years) with T2DM sesame seed oil oil daily for 90 insulin, HbAlc, TBARS, in the DSO group significantly in the DSO
from Pakistan daily for 90 days; | days (control SOD, CAT, GPx (189.09 = 4.42 mg/dL group (1.91 % 0.00 nmol/mL
Randomized group) — 137.83+£3.16 — 1.08 & 0.05 nmol/mL)
controlled trial mg/dL) and increased in and increased in the DCON
the DCON (185.04 £ group (1.82 = 0.01 nmol/mL
6.84 mg/dL — 218.14 % — 226 4 0.07 nmol/mL).
5.92 mg/dL) group. SOD (2.79 % 0.02 U/mL —
Insulin was higher in the 4.91 £ 0.10 U/mL), CAT (5.18
DSO group (12.26 +0.04 U/mL — 6.41 +0.06
124 wU/mL — 23.13 & U/mL), and GPx (141.55 &
1.15 wU/ml) than in the 0.12U/mL — 147.14 £0.17
DCON group (11.97 + U/mL) increased in the DSO
0.81 WU/mL—> 7.93 % group, indicating improved
0.38 wU/mL). HbAlc antioxidant activity, while
was lower in the DSO these markers decreased in
(6.96% == 0.26%) group the DCON group (SOD: 2.81
at 90 days compared to #+0.02U/mL — 234 +0.30
the DCON group (8.02% U/mL, CAT: 5.14 & 0.04
+0.37%). U/mL — 3.42 +0.05 U/mL,
GPx: 139.06 + 1.24 U/mL —
101.97 £ 1.80 U/mL).
Khajebishak 60 obese type 2 PSO capsules (n | Placebo capsules | Primary: FBG, HbAlc, GLUT-4 gene expression | Not reported. Not reported. Not reported.
etal. (42) diabetic patients =26) (1 g/day) (n=26) Insulin, HOMA-IR, increased significantly in
(both genders), for 8 weeks; (paraffin) for 8 QUICKI, GLUT-4 Gene the PSO group compared
aged 30-50 years, Randomized weeks Expression to the placebo group.
BMI >30 and <40 controlled FBG decreased
kg/m? from Iran clinical trial substantially in the PSO
(161.46 =+ 34.44 mg/dL
— 143.50 £24.2
mg/dL) group, with no
significant change in the
placebo group (156.54 £
31.90 mg/dL — 154.65
= 31.48 mg/dL); HbAlc
showed a slight decrease
in the PSO group (7.53%
£0.92% — 7.25% £
0.80%) with no
significant change in the
placebo group (7.65% %
1.07% — 7.52% %
1.04%). QUICKI
improved significantly in
the PSO group (0.30 £
0.02 = 0.31£0.03);
there was no change in
the placebo group.
Akrami et al. 60 adults (30-60 25 mL/day FO 25 mL/day SO for Primary: BP, serum There is no significant There were significant Not reported. There was a marginally
(45) years) with MetSyn | for7 weeks (n= | 7 weeks (n = 30) lipids, FBG, MDA between-group reductions in TC (FO, significant reduction in MDA
in Iran, with 30); Randomized difference in FBG. 215.15 mg/dL % 42.74 in the FO group (7.01
81.17kg £ 11.23 kg controlled trial However, significant mg/dL — 196.92 mg/dL nmol/dL % 1.70 nmol/dL —
for FO and 84.50 + within-group reductions =+ 36.91 mg/dL; SO, 5.59 nmol/dL = 0.59
14.89kg for SO in FBG were observed in 215.54 mg/dL % 30.18 nmol/dL) vs. a non-significant
FO (95.31 mg/dL + mg/dL — 190.35 mg/dL. reduction in the SO group
20.40 mg/dL — 90.46 =+ 33.34 mg/dL), LDL-C (6.64 nmol/dL £ 0.94
mg/dL = 21.90 mg/dL) (FO, 128.23 mg/dL £ nmol/dL — 6.12 nmol/dL £
and SO (93.96 mg/dL + 29.80 mg/dL — 121.04 1.03 nmol/dL).
23.18 mg/dL — 93.85 mg/dL = 26.88 mg/dL;
mg/dL % 42.54 mg/dL) S0, 132.08 mg/dL %
groups. 2501 mg/dL — 117.73
mg/dL = 27.63 mg/dL),
and TG (FO, 209.27
mg/dL % 106.34 mg/dL
— 156.81 mg/dL £
65.69 mg/dL; SO, 196.00
mg/dL = 76.18 mg/dL
— 14254 mg/dL £
66.07 mg/dL) within
both groups.
Jenkins et al. 141 adults with Low-GL diet A whole-grain Primary: HbAlc; HbA e significantly Test diet led to Not reported. Not reported.
37 T2DM (HbAlc with 31 g canola diet with 7.5 Secondary: Framingham | decreased in the test diet significant reductions in
6.5%—8.5%) treated | oil/day (n = 70) slices/day (n = CVD risk score, RHI (=5.15 mmol/mol TC (—0.30 mmol/L
with oral provided as a 71) of (—5.92 mmol/mol, [—0.38 mmol/L, —0.22
antihyperglycemic | supplement (45 | whole-wheat —4.38 mmol/mol]). mmol/L]), LDL-C
agents in Canada, slices of canola bread There are more (—0.20 mmol/L [-0.27
with 31 % 6 kg/m? oil-enriched significant benefits in mmol/L, —0.13
forcontroland 30 | bread daily) for 3 those with higher systolic | mmol/L]), TG (—0.15
+ 5 kg/m? for test months; BP. mmol/L [~0.24 mmol/L,
diets Randomized, —0.07 mmol/L]), and
parallel design HDL-C (—0.03 mmol/L
clinical trial [—0.05 mmol/L, —0.01
mmol/L]) compared to
control diet (TC, 0.04
mmol/L [—0.03 mmol/L,
0.12 mmol/L); LDL-C,
0.04 mmol/L [—0.02
mmol/L, 0.11 mmol/L];
TG, —0.01 mmol/L
[—0.09 mmol/L, 0.07
mmol/L]; HDL-C, 0.00
mmol/L [—0.02 mmol/L,
0.02 mmol/L)).
Weietal. (43) | Menand women Perilla ol EG (n=12, Primary: TC, TG, Not reported. Significant reductionin | hs-CRP (3.43 mg/L £ 0.58 Not reported.
aged 18-75 with capsules (4 30-60 min per HDL-C, LDL-C, hs-CRP, TC (6.2 % 0.7 mmol/L mg/L — 2.76 mg/L & 0.54
elevated blood capsules, twice day, at least 4 PAI-1, TNF-a — 5.3£0.9 mmol/L), mg/L), PAI-1 (37.79 ng/mL £
lipids (n = 36) from | daily for 8 days per week), TG (3.4 0.8 mmol/L 598ng/mL — 33.89 ng/mL
China weeks) + MG (n =12, four — 2.8£0.7 mmol/L), %+ 5.93 ng/mL), and TNF-a
exercise (30-60 capsules, taken and LDL-C (4.0 £ 0.8 (1.23 ng/mL % 0.19 ng/mL
min/day, atleast | twice a day) mmol/L - 3.1+07 — 088ng/mL+
4 days/week for mmol/L) in EMG 0.21ng/mL) levels
8 weeks) (n= compared to EGand MG | significantly reduced in EMG
12); Prospective, after 56 days. HDL-C compared to EG (hs-CRP,
randomized increased significantly in | 3.41 mg/L % 0.63 mg/L —
control trial MG (1.4 £ 0.4 mmol/L 2.74 mg/L % 0.53 mg/L;
involving men — 1.6 £ 0.6 mmol/L) PAI-1, 38.87 ng/mL +
and EMG (1.4 £0.4 6.18ng/mL — 33.56 ng/mL
mmol/L — 1.6 £0.6 =+ 5.88 ng/mL; TNF-o,
mmol/L). 121 ng/mL % 0.19 ng/mL —
0.97 ng/mL = 0.18 ng/mL)
and MG (hs-CRP, 3.38 mg/L
+0.55mg/L — 277 mg/L £
0.61 mg/L; PAI-1,
3924 ng/mL + 6.23 ng/mL
— 34.19ng/mL +
6.12 ng/mL; TNF-a,
1.23 ng/mL % 0.24 ng/mL —
0.94ng/mL = 0.22 ng/mL).
Alipoor et al. Hyperlipidemic White sesame The control Primary: Lipid profile Not reported. Significant decrease in Not Reported. Decreased TBARS (2.9
(40) patients (1 = 38) seeds (40 g/day group receiving (TC, LDL-C, TC/HDL-C TC (241.2 mg/dL £ 412 wmol/L # 1.0 pmol/L — 1.9
from Iran aged for 60 days) + the same drug ratio); Antioxidant mg/dL — 221.5 mg/dL pwmol/L £ 1.0 wmol/L),
50-70 years with 240 keal treatments markers (GPx, SOD, =+45.2 mg/dL), LDL-C increased GPx (21.4 U/Hb(g)
BMI 18.5-30 kg/m?, removed from without sesame TBARS); (159.7 mg/dL £ 37.8 +22U/Hb(g) > 22.5
total plasma diet; 60 days seeds (n=19) Anthropometric mg/dL — 144.0 mg/dL U/Hb(g) % 2.0 U/Hb(g)) and
cholesterol >200 treatment measurements (Weight, + 43.7 mg/dL), and SOD (1754.9 U/Hb(g) %
mg/dL or total duration (n = BMI) TC/HDL-C ratio (5.2 + 269.9 U/Hb(g) — 18909
plasma TG >150 19); Randomized Ll1— 49%+12). U/Hb(g) + 308.4 U/Hb(g)).
mg/dL, and on control trial
medical treatment
for >3 months
Asghari et al. Males and females PSO (800 Placebo (1=26) | Primary: Serum TG, Not reported. Reduced serum TG (345 | No significant changes in Not reported.
(44) (n=51), aged >20 mg/day, n = 25) HDL-C; TNF-03 mmol/L % 1.56 mmol/L TNF-a levels (14.73 pg/mL %
years from Iran vs. placebo TG/HDL-C ratio — 275mmol/L+140 | 525pg/mL—> 1328 pg/mL
with BMI <35 (800 mg mmol/L) and +3.79 pg/mL).
kg/m?, serum TC paraffin/day) for TG/HDL-C (7.49 4 4.95
>200 mg/dL, serum 4 weeks; — 5.73 £ 4.55) ratio
TG >150 mg/dl Double-blind, with PSO; HDL-C (1.25
randomized, mmol/L £ 0.39 mmol/L
placebo- 138 mmol/L =+ 0.44
controlled mmol/L) increased with
clinical trial PSO.
Sankar et al. 60 adults with Combination of Glibenclamide (n Primary: Glycemic Combination therapy Substantial decreases in Not reported. Significant improvement in
(1 T2DM, meanaged | sesame oil (35 = 22,5 mg/day, Control (Blood glucose, | significantly reduced TC, LDL-¢, and TG in antioxidant activities with
57-58 years from g/day) + single dose) for 60 HbAIlc); Lipid Profiles glucose (—36%) and sesame oil (20%, 33.8%, sesame oil and combination
India glibenclamide (5 | days; Sesame oil (TC,LDL-C, TG, HbAlc (—43%). and 14%, respectively) therapy (p < 0.001).
mg/day) for 60 (n=18,35g/day) | HDL-C); Antioxidant and combination therapy
days (n = 20); for 60 days activity (22%, 38%, and 15%,
Open-label study respectively); HDL-C
increased significantly in
sesame oil (+15.7%) and
combination therapy
(+17%).
Mirmiran etal. | Hyperlipidemic PSO (400 mg, Placebo (1=26) | Primary: Serum TG, There were no significant | Reduction in TG (3.45 Not reported. Not reported.
(46) subjects (1 = 51) twice daily) for 4 HDL-C changes in mmol/L % 1.56 mmol/L
from Iran, aged weeks (n = 25); insulin/glucose — 2.75 mmol/L £ 1.40
over 20 years, Double-blind concentrations between mmol/L) and
without allergy or placebo- PSO (0.08 +0.04 — TG/HDL-C ratio (7.49 £
liver dysfunction, controlled 0.09— 0.04) and 4.95 > 5.73+4.55)
BMI <35 kg/m?, clinical trial control groups (0.08 £ with PSO;
serum TC >5.2 0.04 — 0.07 % 0.03). Cholesterol/HDL-C ratio
mmol/l, and TG decreased with PSO
>1.65 mmol/l (5.87£1.67 > 545+
1.51). HDL-C increased
in the PSO group (1.25
mmol/L = 0.39 mmol/L
— 1.3 mmol/L £ 0.44
mmol/L) compared to
placebo (1.27 mmol/L £
0.23 mmol/L - 125
mmol/L +0.26
mmol/L). There were no
significant changes in
serum cholesterol and
LDL-C concentrations.

apoAL, Apolipoprotein Al; apoB, Apolipoprotein B; BMI, Body Mass Index; BE, Blood Pressure; CAT, Catalase; CVD, Cardiovascular Disease; DCON, Diabetic Control Group; DSO, Diabetic Sesame Oil Group; EG, Exercise Groups EMG, Exercise and Medicine Groups
FBG, Fasting Blood Glucose; FO, Flaxseed Oil; GL, Glycemic Load; GLUT-4, Glucose Transporter Type 4; GPx, Glutathione Peroxidase; HbAlc, Glycated Hemoglobin; HDL-C, High-Density Lipoprotein Cholesterol; HOMA-IR, Homeostatic Model Assessment
of Insulin Resistance; hs-CRP, High-Sensitivity C-Reactive Protein; LDL-C, Low-Density Lipoprotein Cholesterol; MDA, Malondialdehyde; MetSyn, Metabolic Syndrome; MG, Medicine Group; ORZ, y-Oryzanols PAI-1, Plasminogen Activator Inhibitor-1; PSO,
Pomegranate Seed Oil; QUICKI, Quantitative Insulin Sensitivity Check Index; RHI, Reactive Hyperemia Index; SOD, Superoxide Dismutase; SO, Sunflower Oil; T2DM, Type 2 Diabetes Mellitus; TAG, Triglycerides; TBARS, Thiobarbituric Acid Reactive Substances;
TC, Total Cholesterol; TG, Triglycerides; TNF-a, Tumor Necrosis Factor-a; WC, Waist Circumference.
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Sex (male/female) 64/16
Age (years) 62.10 £ 7.56
Weight (kg) 66.10 £ 12.12
Height (cm) 167.43 + 8.47
Body mass index (kg/m?) 2347 £3.19
Educational status

Illiterate 6(7.5%)
Primary school 10 (12.5%)
Middle school 46 (57.5%)
University and above 18 (22.5%)

Socioeconomic status (annual income, RMB)

< ¥50,000 18(22.5%)
¥50,000-¥ 100,000 40(50%)
#100,000-¥ 150,000 16(20%)
¥150,000 + 6(7.5%)

Drinking status

No 22 (27.5%)
Occasionally 10 (12.5%)
Often 10 (12.5%)
Alcoholism 38 (47.5%)

Smoking status

Don’t smoke or quit 44 (55%)
Quit smoking <12 months 26 (32.5%)
Smoking 10 (12.5%)
Exercise

No 30 (37.5%)

Occasionally 30(37.5%)

Often 20 (25%)
History of diabetes 8 (10%)
History of hypertension 38 (47.5%)
History of CHD 4 (5%)
Family history of cancer 64 (80%)

Cancer staging

1 6(7.5%)
it 2(2.5%)
il 2(2.5%)
v 70 (87.5%)
NRS2002 score 2.80 £ 1.40
<3 30 (37.5%)
=3 50 (62.5%)
PG-SGA score 4.75+3.16
<4 32 (40%)
>4 48 (60%)
QOL score 53.53 £6.26

CHD, coronary heart discase. Exercise: No: no active activity; Often: at least 5 days of
moderate-intensity physical activity per week, for more than 150 min; Occasionally: between
no and often.





OPS/images/fnut-11-1509711/fnut-11-1509711-t001.jpg
Total (n = 14,978) Non-OSA (n = 10,524) OSA (n 454) p value
46.765(0.360) 46.050(0.374) 48.425(0.484) <0.0001
<0.0001
Female 7,439(51.239) 5,446(53.899) 1993(45.066)
Male 7,539(48.761) 5,078(46.101) 2461(54.934)
Education 0.108
College 7,735(60.396) 5412(61.111) 2,323(58.736)
Non-college 7,243(39.604) 5,112(38.889) 2131(41.264)
Race 0576
Mexican American 2551(8.433) 1817(3.674) 734(7.873)
Non-Hispanic Black 3,067(10.094) 2,163(10.046) 904(10.205)
Non-Hispanic White 6,587(69.502) 4579(69.182) 2008(70.246)
Other Hispanic 1345(4.781) 942(4.822) 403(4.685)
Other Race 1,428(7.191) 1,023(7.277) 405(6991)
PIR 3.105(0.044) 3.102(0.047) 3.111(0.058) 0.867
BMI (kg/m’) 29.024(0.125) 28.088(0.141) 31.196(0.160) <0.0001
WBC (1,000 cells/ul) 7.378(0.040) 7.291(0.045) 7.578(0.051) <0.0001
Lymphocyte (%) 30512(0.133) 30.663(0.157) 30.163(0.209) 0.046
Monocyte (%) 8045(0.032) 8029(0.030) 8.083(0.062) 0377
AL 694.706(5.331) 681.101(6.367) 726.283(8.424) <0.0001
NLR 2.134(0.015) 2.12000.017) 2.167(0.028) 0155
st 550.531(4.489) 547.903(5.005) 556.631(7.189) 0.269
€GFR (CKD-EPI) 95.026(0.532) 95.685(0.557) 93.499(0.684) <0001
Smoking status <0.0001
Former 3,652(24.499) 2,454(23.424) 1,198(26.993)
Never 8,242(54.791) 6,061(57.326) 2,181(48.909)
Now 3,084(20.710) 2009(19.250) 1,075(24.097)
Alcohol status <0.0001
Former 2,258(12.055) 1,553(11.276) 705(13.862)
Heavy 3,030(22.054) 2072(21.339) 958(23.715)
Mild 5,141(37.251) 3,538(37.295) 1,603(37.147)
Moderate 2417(18.064) 1,692(18.248) 725(17.636)
Never 2,132(10.576) 1,669(11.842) 463(7.640)
Hyperlipidemia <0001
No 4,414(29.704) 3,328(31.877) 1,086(24.660)
Yes 10,564(70.296) 7,196(68.123) 3,368(75.340)
Diabetes Mellitus <0001
Diabetes Mellitus 2,699(13.591) 1,648(11.304) 1,051(18.900)
No 10,877(7.884) 7,897(80.470) 2,980(71.883)
PRE-Diabetes Mellitus 1402(8.524) 979(8.226) 423(9216)
Hypertension <0.0001
No 8.761(63.132) 6,500(66.897) 2.261(54.394)
Yes 6.217(36.868) 4,024(33.103) 2,193(45.606)
Year <0.0001
2005-2008 7.790(48.943) 5,679(50.777) 2,111(44.684)
2015-2018 7,188(51.057) 4,845(49.223) 2,343(55.316)
DASH score(0-9) 2331(0.022) 2392(0.025) 2.189(0.035) <0.0001
DASHQ <0.0001
Q 4,099(26.695) 2754(25.594) 1,345(29.252)
Q 2,163(14.486) 1522(14.337) 641(14831)
@ 3,547(24.340) 2,463(23.828) 1,084(25.528)
Qi 2,518(17.142) 1809(17.302) 709(16.772)
Qs 2,65117.337) 1976(18.939) 675(13.617)

OSA, Obstructive Sleep Apneas; PIR, Family Income-to-poverty Ratio; BMI, Body Mass Index; WBC, White blood cell; ALL, Advanced Lung cancer Inflammation index; NLR, Neutrophil-
Lymphocyte Ratio; I, Systemic Immune Inflammation Index; eGFR, estimated Glomerular Filtration Rate; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; DASH, Dietary
Approaches to Stop Hypertension; DASHQ, DASH score for quintils,
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Exposure Crude Model Model 1 Model 2

95%CI 95%Cl 95%Cl
DASH score 0.91(0.88,0.95) <0.0001 0.92(0.88,0.95) <0.0001 0.95(0.92,099) 0.02
DASH score for quintiles
Q ref ref ref
Q 0.91(0.76,1.08) 0.25 0.92(0.77,1.09) 034 0.97(0.81,1.17) 077
Q3 0.94(0.81,1.09) 039 0.96(0.83,1.11) 053 1.04(0.87,1.21) 065
Q4 0.85(0.71,1.01) 0.06 0.86(0.72,1.03) 0.10 0.95(0.80,1.14) 061
Qs 0.63(0.52,0.76) <0.0001 0.64(0.53,0.78) <0.0001 0.76(0.62,094) 001
p for trend <0.0001 <0.0001 003

Crude Model: only DASH score. Model 1: adjusted for included crude model, age, gender, education and race. Model 2: adjusted for all Model 1in addition to smoking satus, alcohol status,
ALL, diabetes, hyperlipidemia, hypertension, PIR, WBC, BMI and year cycle.





OPS/images/fnut-11-1424039/fnut-11-1424039-g005.gif





OPS/images/fnut-11-1492647/crossmark.jpg
©

2

i

|





OPS/images/fnut-11-1509711/crossmark.jpg
©

2

i

|





OPS/images/fnut-11-1509711/fnut-11-1509711-g001.jpg
NHANES survey (2005-2008,
2015-2018) participants with
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Enrolled for analysis
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Character OR(95%Cl) P P for interaction

Age H 0.529
<60 0.952(0.907,0.998) 0.043 l—.—(‘
>=60 0.945(0.893,1.000) 0.051 —e—

Sex : 0.486
Female 0.936(0.880,0.995) 0.035 l—l—!i
Male 0.967(0.912,1.026) 0.257 ——

BMI E 0.062
>=30 0.939(0.899,0.982) 0.007 —-— E
<30 0.867(0.791,0.951) 0.003 —_—

Diabetes : 0227
no 0.942(0.898,0.987) 0.014 ——
Diabetes 0.950(0.879,1.027) 0.194 —
PRE-Diabetes 1.019(0.917,1.132) 0.723 l—%-l—i

Hyperlipidemia H 0.561
yes 0.941(0.894,0.990) 0,021 ——i
no 0.981(0.921,1.045) 0.541 ——rt

Hypertension i 0175
yes 0.973(0.921,1.027) 0.306 —_—
no 0.933(0.884,0.983) 0.011 ——

Year 0.469
2005-2008 0.977(0.912,1.047) 0.462 l—!—%—i
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Variables

All-cause mortality
TG
Categories

Quartile 1

Quartile 2

Quartile 3

Quartile 4
Cardiovascular mortality
TG
Categories

Quartile 1

Quartile 2

Quartile 3

Quartile 4

Model 1: crude.
Model 2: adjusted for Gender, Age, Race.

Model 1

HR (95% CI)

099 (0.93 ~ 1.05)

1.00 (Reference)
095 (082 ~ 1.09)
103 (089 ~ 1.18)

097 (085~ 1.12)

0.96 (0.86 ~ 1.07)

1.00 (Reference)
093 (0.73 ~ 1.19)
1.03 (081 ~ 131)

100 (079 ~ 1.28)

Model 2
HR (95% CI)

116 (1.08 ~ 1.24)

1.00 (Reference)
094 (0.81 ~ 1.08)
104 (091 ~ 1.20)

129 (111 ~ 1.49)

115 (102 ~ 1.30)

1.00 (Reference)
0.94 (073 ~ 1.20)
1.05 (083 ~ 1.34)

139 (1.08 ~ 1.78)

Model 3
HR (95% CI)

111 (104~ 1.19)

1.00 (Reference)
095 (0.82 ~ 1.09)
0.99 (086 ~ 1.14)

1.20 (104 ~ 1.39)

110 (0.98 ~ 1.25)

1.00 (Reference)
0.96(0.75 ~ 1.23)
101079~ 1.29)

131 (102 ~ 1.68)

Model 3: adjusted for Gender, Age, Race, Education Level, Marital Status, Family PIR, Smoke, Alcohol, Physical Activity, Hypertension, Coronary heart disease, Stroke.
TYG, Triglyceride-glucose; HR, Hazard ratio; CI, Confidence interval.
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Variables

Model 1

HR (95% CI)

Model 2
HR (95% ClI)

Model 3
HR (95% CI)

All-cause mortality
Vitamin D

Insuffcient

Sufficient
Cardiovascular mortality
Vitamin D

Insufficient

Sufficient

Model 1: crude.
Model 2: adjusted for Gender, Age, Race.

101 (101 ~ 1.01)
100 (Reference)

127 (114 ~ 143)

100 (1.00 ~ 1.01)
1.00 (Reference)

135 (111 ~ 1.64)

099 (0.99 ~ 0.99)
100 (Reference)

085 (0.75 ~ 0.95)

0.99 (0,99~ 0.99)
1.00 (Reference)

086 (071 ~ 1L.05)

0.99(0.99 ~0.99)
1.00 (Reference)

0.89(0.79 ~0.99)

1.00 (Reference)

0.92(0.76 ~ 1.13)

Model 3: adjusted for Gender, Age, Race, Education Level, Marital Status, Family PIR, Smoke, Alcohol, Physical Activity, Hypertension, Coronary heart disease, Stroke.

HR, Hazard ratio; C1, Confidence interval.
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Mortality Indirect effect Direct effect Proportion mediated, %

4 (95% ClI)
Coefficient (95% CI) Coefficient (95% CI)
All-cause —5.82 (1255, ~1.71) —58.24 (~152.26,~7.33) 9.1(23,30.5)
Cardiovascular —1476 (-38.02, ~2.12) ~146.88 (~471.30, 15.57) 9.6(~34.8,84.1)

The mediation analyses were adjusted for Gender, Age, Race, Education Level, Marital Status, Family PIR, Smoke, Alcohol, Physical Activity, Hypertension, Coronary heart discase, and Stroke.
1yG, Triglyceride-glucose; CI, Confidence interval,
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Variables Survivors (n = 4,775) Non-survivors (n = 1,543)

Gender, n (%)
Male 3,345 (52.94) 2,441 (51.12) 904 (58.59)
Female 2,973 (47.06) 2,334 (48.88) 639 (41.41)
Age (years) 62.00(51.00, 71.00) 60.00 (49.00, 68.00) 7100 (63.00, 80.00)
Race, n (%)
Mexican American 1222 (19.34) 997 (20.88) 225(14.58)
Non-Hispanic White 2,440 (38.62) 1,606 (33.63) 834(54.05)
Non-Hispanic Black 1,522 (24.09) 1,176 (24.63) 346 (2242)
Other Race 1,134 (17.95) 996 (20.86) 138 (894)

Education Level, n (%)

Less than 9th grade 1,094 (17.32) 736 (15.41) 358 (23.20)

9-12th grade 2,508 (39.70) 1832 (3837) 676 (43.81)

More than 12th grade 2716 (4299) 2,207 (46.22) 509 (32.99)
Marital Status, n (%)

Cohabitation 3817 (60.41) 3,010 (63.04) 807 (52.30)

Solitude 2,501 (39.59) 1765 (36.96) 736 (47.70)
Family PIR, n (%)

Low (<13) 2,192 (34.69) 1619 (33.91) 573 (37.14)

Medium (1.3-3.5) 2,562 (40.55) 1870 (39.16) 692 (44.85)

High (>3.5) 1,564 (24.75) 1,286 (26.93) 278 (18.02)
Smoke, n (%)

Yes 3,245 (51.36) 2,296 (48.08) 949 (61.50)

No 3,073 (48.64) 2,479 (51.92) 594 (38.50)
Alcohol, n (%)

Yes 3,803 (60.19) 2,868 (60.06) 935 (60.60)

No 2515 (39.81) 1907 (39.94) 608 (39.40)

Physical activity, n (%)

Inactive 2513 (39.78) 1,669 (34.95) 844(54.70)
Moderate 2,537 (40.16) 1972 (41.30) 565 (36.62)
Vigorous 1,268 (20.07) 1,134(23.75) 134 (8.68)

Hypertension, n (%)
Yes. 4,014 (63.53) 2,894 (60.61) 1,120 (72:59)
No 2,304 (36.47) 1881 (39.39) 423 (27.41)

Coronary heart disease, n (%)

Yes. 649 (1027) 350 (7.33) 299 (19.38)

No 5,669 (89.73) 4425 (92.67) 1,244 (80.62)
Stroke, n (%)

Yes 498 (7.88) 289 (6.05) 209 (13.55)

No 5,820 (92.12) 4486 (93.95) 1,334 (86.45)
BMI (kg/m?) 31,00 (27.00, 36.12) 3143 (27.46,36.51) 29,66 (26,07, 34.49)
FPG (mg/dL) 132,00 (107.00, 170.00) 132,00 (107.00, 169.00) 133.00 (107.00, 174.00)
HbAle (%) 670 (6.10,7.80) 670 (6.00,7.80) 670/(6.10,7.70)
TC (mg/dL) 184.00 (156.00, 216.00) 184,00 (156.00, 217.00) 182,00 (154.00, 215.00)
TG (mg/dL) 156.00 (105.00, 235.00) 156,00 (105.00, 235.00) 154.00 (104.00, 233.00)
HDL-c (mg/dL) 45.00 (38.00, 56.00) 45.00 (38.00, 55.00) 45.00 (38.00, 56.00)
Creatinine (mg/dL) 0.90 (074, 1.10) 0.86 (071, 1.04) 1.01(0:83,1.30)
Uricacid (mg/dL) 5.60 (4.70, 6.70) 5.50 (4.60, 6.60) 590 (4.90,7.20)
Vitamin D (nmol/L) 59.12.(43.31,77.54) 5975 (44.23,77.90) 57.75 (41,95, 75.94)
TG 9.24 (877,981 9.24(8.77,9.82) 9.26 (8.77,9.80)

PIR, Poverty-to-income ratio; BMI, Body mass index; FPG, Fasting plasma-glucose; HbALc, Hemoglobin Al TC, Total cholesterol; TG, Triglyceride; HDL- High density ipoprotein
cholesterol; TyG, Triglyceride-glucose.
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Subgroup Variable Total Event (%)

Male
at 393 223(56.7) [ ]
Q2 426 222(521) ——
Q3 484 229 (47.3) ——
Q4 588 257 (437) ——@—i
Trendtest 1891  931(49.2) o
Female
Q1 558 281(504) [ ]
Q2 528 292(55.3) ——
Q3 470 236(50.2) —e—i
Q4 370 179 (48.4) ——
Trendlest 1926 988 (51.3) o
Age < 50 years
at 440 238 (54.1) [ ]
Q2 480 277 (57.7) ——
Q3 459 246 (536) ——
Q4 493 254 (51.5) ——
Trend.test 1872 1015 (54.2) o
Age > 50 years
Qi 511 266 (52.1) [ ]
Q2 474 237(50) ——
Q3 495 219 (44.2) —e—
Q4 465 182(39.1) +——@—
Trend.test 1945 904 (46.5) =

T T T T T
035 050 071 10 141

Effect(95%Cl)
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Variable

Age (years)

Non-Severe
AAC

56.29 (0.27)

Severe
AAC
71.03 (0.93)

P-value

Sex

Male

1,110 (47.96)

133 (4491)

Female

1,242 (52.04)

155 (55.09)

1,036 (69.67)

185 (75.10)

Black

483 (10.75)

40 (7.36)

Mexican American

312 (7.24)

25 (436)

Other Race

521 (12.34)

38 (13.19)

BMI (kg/m?
Total cholesterol (mg/dL)

28.71 (0.16)
198.05 (1.35)

2730 (0:68)
18620 (3.35)

630 (2639)

117 (41.09)

1,316 (57.46)

118 (42.98)

405 (16.15)

52 (15.93)

Alcohol

Former

447 (1691)
336 (11.51)

91 (26.13)
32 (9.04)

859 (40.19)

107 (43.78)

332 (18.16)

19 (8.43)

299 (13.24)

34 (12.63)

246 (9.64)

99 (31.92)

2,105 (90.36)

189 (68.08)

Diabetes

Yes

485 (14.41)

122 (37.68)

No

1,867 (85.59)

166 (62.32)

Hypertension

Yes

1,200 (48.01)

232 (77.70)

No

1,152 (51.99)

56 (22.30)
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Result

Dietary vitamin B1 and severe AAC

Model 1

OR (95% CI)
0.662 (0511, 0.857)

P-value

Model 2

OR (95% Cl)
0583 (0.370, 0917)

P-value

Model 3

OR (95% ClI)
0.601 (0.406, 0.892)

P-value

Q1 ref ref ref ref ref

Q 0655 (0275, 1.562) 0310 0.619 (0.231, 1.660) 0.288 0716 (0285, 1.795) 0450
Q3 0.840 (0556, 1.268) 0375 0.638 (0.402, 1.077) 0.084 0.741 (0466, 1.179) 0.189
Q 0.426 (0259, 0.701) 0.003 0.354 (0.153, 0.820) 0022 0358 (0172, 0.744) 0009

Adjusted variables: Model 1: unadjusted. Model 2: age, sex, race. Model 3: age, sex, race, BMI, smoking history, alcohol consumption history, total cholesterol, cardiovascular diseases

hypertension, and diabetes.
O okl raltee OF o filirs Mitiavwd.
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Variable R (95% CI) | P-value P for
interaction
Age 0025
>60 years old 0730 (0461, 1.154) | 0.164
<60 years old 0195 (0049, 0.782) | 0024
Sex 0026
Male 0774 (0484, 1239) | 0264
Female 0375 (0234, 0.602) | <0.001
Smoke 0023
Former 0761 (0353, 1.642) | 0461
Never 0699 (0408, 1.197) | 0177
Now 0.188 (0072, 0489) | 0.002
Alcohol consumption 0433
Former 0905 (0342, 2394) | 0701
Never 0972 (0.187,5059) | 0948
Mild 0627 (0137, 2881) | 0319
Moderate 0173 (0.001, 29.355) | 0279
Heavy 0566 (0.066, 4884) | 0373
cvD 0343
Yes 0853 (0479, 1.521) | 0567
No 0568 (0381, 0.846) | 0.008
Hypertension 074
Yes 0617 (0359, 1.061) | 0077
No 0551 (0239, 1275) | 0151
Diabetes 0255
Yes 0805 (0346, 1.874) | 0592
No 0480 (0319,0722) | 0002

OR. odds ratio: CL. confidence interval.
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Characteristics Crude model Model 1

OR (95% CI) Adj. OR (95% CI)
Male
Q1 Ref Ref
Q2 0.83 (0.63~1.09) 0.184 0.76 (0.56~1.03) 0078
Q3 0.68 (0.52~0.89) 0.006 059 (0.44~0.81) 0.001
Qa 0,59 (0.46~0.77) <0.001 049 (0.71~0.88) <0.001
P for trend <0.001 <0.001
Female
Q1 Ref Ref
Q2 122(096~155) 0.103 118 (0.91~1.54) 0215
Q3 0.99(0.78~127) 0.963 0.90 (0.68~1.21) 0495
Qa 0.92(071~120) 0555 0.72(051~1.00) 0050
P for trend 0369 0,031
Ages<50years
Q1 Ref Ref
Q2 116 (0.89~1.50) 0270 107 (0.80~1.43) 0,650
Q3 0.98 (0.75~127) 0.881 0.89 (0.66~1.21) 0.462
Q4 090 (0.70~ 1.17) 0433 081 (0.58~1.13) 0.207
P for trend 0230 0126
Age>50years
Q1 Ref Ref
Q2 092(072~1.18) 0519 097 (0.74~1.28) 0839
Q3 0.73(057~094) 0013 0.68 (0.51~0.92) o011
Qa 0,59 (0.46~0.76) <0.001 049 (0.35~0.68) <0.001
P for trend <0.001 <0.001

Ref, reference. Crude model adjusted for: none. Model 1 adjusted for: all variables.
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Variables Total (n =3,817)  NAFLD (n =1898) No NAFLD (n =1919) P

Age, years 510+168 5212162 499+17.3 <0.001
Gender, 1 (%) 0202

Female 1891 (49.5) 960 (50.6) 931 (48.5)

Male 1926 (50.5) 938 (49.4) 988 (51.5)
Race/Ethnicity, n (%) <0.001

Mexican American 641(168) 318 (16.8) 323 (16.8)

Other Hispanic 469 (12.3) 192 (10.1) 277 (14.4)

Non-Hispanic White 1,370 (35.9) 695 (36.6) 675 (352)

Non-Hispanic Black 759 (19.9) 384 (20.2) 375 (19.5)

Other race 989 (25.9) 483 (25.4) 506 (26.4)
Education level, 1 (%) <0.001

<9years 352(9.2) 140 (7.4) 212(11)

9-11years 406 (10.6) 192 (10.1) 214(11.2)

Senior high schools or GED 871(228) 437 (23) 434 (226)

Some college or associate degree 1,199 (31.4) 646 (34) 553 (28.8)

Colleges or above 989 (25.9) 483 (25.4) 506 (26.4)
BMI 1 (%) <0.001

<25 Kg/m® 733(19.2) 223(11.7) 510(26.6)

225 Kg/m? 3,084 (80.8) 1,675 (88.3) 1409 (73.4)
Smoke, n (%) 0.15

Yes 1,631 (42.7) 789 (41.6) 842 (43.9)

No 2,186 (57.3) 1,109 (58.4) 1,077 (56.1)
Hypertension, n (%) <0.001

Yes 1,528 (40.0) 829 (43.7) 699 (36.4)

No 2,289 (60.0) 1,069 (56.3) 1,220 (63.6)
Diabetes, n (%) <0.001

Yes 685(17.9) 389 (205) 296 (15.4)

No 3,132 (82.1) 1,509 (79.5) 1,623 (84.6)
WEC, 1000 cells/ul. 6927 69420 69:32 0738
LN, 1000 cells/ul. 21219 21207 21226 0504
NEUT, 1000 cells/ul. 40+16 40£16 4015 0238
RBC, 1000 cells/ul. 48205 48205 48205 0039
Hb, g/dL 142415 14215 141215 0002
PLT, 1000 cells/ul. 23872618 2435620 2340£61.2 <0.001
CRP, mg/L 44280 48281 41279 0.005
ALT, UL 2494158 2472158 2514158 0372
AST, UL 2394180 224128 2564219 <0.001
Glu, mmol/L 6423 66£23 63223 <0.001
HbALG, % 59:13 6013 59:13 <0.001
TC, mg/dL 4911 49+11 49+11 0.087
HDL, mg/dL 14404 13504 14505 <0.001
TG, mg/dL 13208 1408 12£07 <0.001
LDL, mg/dL 29+09 29409 29209 0692
VitA, ng 58495629 589.24527.7 580.7£595.8 0639
VitC, mg 7874916 804968 77.0£86.1 0249
Vit E, mg 88261 91263 85158 <0.001
Se, g 1147268.1 1137706 11564655 0377
Zn, mg 1082122 1092162 10660 0471
Carotenoid, jug 2267542825 23343243435 22016242214 0339

WBC, white blood cell count; LN, lymphocyte count; NEUT, neutrophil count; RBC, red blood cell count; Hb, hemoglobin; PL, platelet count; CR, C-reactive protein; ALT,
alaninetransaminase; AST, alaninetransaminase; Glu, fasting blood glucose; HbA1c, hemoglobin A1C; TC, total cholesterol; HDL, high density lipoprotein; TG, triglyceride; LDL, low der
lipoprotein; Vit A, vitamin A; Vit C, vitamin C; Vit E, vitamin E.
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Characteristics Crude model Model 1

OR (95% CI) Adj. OR (95% CI)
VitE 098 (0.97~0.99) 0.001 097 (0.96~0.98) <0.001

Categorical Vit E

Q1 Ref Ref

Q2 104 (0.87~1.24) 07 1.01(0.83~1.23) 0.89
Q3 0.84(0.7~1.01) 0.063 0.78 (0.63~0.96) 0019
Q4 074 (0.62~0.89) 0.001 0.63(0.5~0.79) <0001

Ref, reference. Crude model: none variables were adjusted. Model 1: adjusted for all variables.
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Gl symptoms resolved after thiamine administrati

Humans

Nausea, vomiting, abdominal pain, anorexia in patients with Wernicke

encephalopathy (19)

Nausea, vomiting, anorexia preceding Wernicke encephalopathy (17)

Constipation in patients with thiamine deficiency after Roux-en-Y Gastric

Bypass. Decreased blood levels of thiamine with increased folate levels are
shown (18)

Perturbed intestinal motility/gas release in post-hysterectomy patients (16)

Dysphagia and gastroparesis preceding Wernicke encephalopathy in Crohn's
disease (72)

Intestinal paralysis in post-hysterectomy patients (20)
Animals

Ruminal epithelial barrier dysfunction, oxidative stress and apoplosis,

induced by high-concentrate diet in goats (22)

Perturbed colonic integrity and mucosal inflammation, induced by high-

concentrate diet in goats (21)
Experimental constipation induced by atropine and papaverine in rats (23)

Ulcerative colitis rat model (15)

Intervention

Ly. infusi

ns of 300-600 mg of thiamine for 5-10 days, followed by
oral thiamine at 100-300 mg,

Single i.v. injection of 1,000 mg of thiamine

L. injections of 100-200 mg of thiamine monthly, some patients

taking 200 mg oral thiamine daily

L. injection of 100 mg thiamine for 2 days

L. injections of 200 mg thiamine three times, followed by Lm.

injections of 100 mg/day for several months

Lm. injection of 100 mg thiamine for 3 days

Thiamine 200 mg/kg dry feed for 12 weeks

Thiamine 200 mg/kg dry feed for 12 weeks

Sic. injection of 100 mg/kg TTED

1p.

jection of 20 mg/kg thiamine per day for 5 days

Sample size

Case report (= 1)

n=80

Case report (n=1)

n=60

=
I
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Variables Total (n = 8,833) Survivors Non-survivors

(n =7340, 83.10%) (n = 1,493, 16.90%)

DIL M(Q,, Q) 160 (0.06, 2:83) 1.56 (=001, 2.80) 1.74(0.35, 296) 14.10 <0.001
Age, M(Q, Q) 52,00 (37.00, 65.00) 48.00 (34.00, 61.00) 70.00 (61.00, 77,00) 156292 <0.001
BMI, M(Q, Q) 3298 (29.92,37.20) 33.29 (30.20, 37.56) 3151 (28.73,35.42) 137.02 <0.001
WAIST, M(Q., Q) 109.90 (103.20, 118.80) 109.70 (103.10, 118.70) 110,50 (104,00, 119.00) 3.06 0.080
TC,MQ, Q) 196.00 (170.00, 255.00) 197.00 (17000, 225.00) 194,00 (167.00, 226.00) 164 0.200
TR, M(Q, Q) 145.00 (103.00, 207.00) 143.00 (10100, 204.25) 154.00 (112,00, 222.00) 38.62 <0.001
ALT, M(Q, Q) 26,00 (18.00, 40.00) 2600 (18.00, 29.00) 28.00 (19.00, 46.00) 37.24 <0.001
GLU, M(Q.. Q) 104,00 (96.00, 118.40) 103.00 (95.00, 106.00) 111,00 (99.70, 135.70) 206.19 <0.001
FLL M(Q,, Q) 85.27(73.73,94.38) 85.36 (73.67,94.52) 84.88 (74.05,93.54) 075 0388
HDL, M(Q. Q) 46,00 (39.00, 54.00) 46.00 (39.00, 54.00) 46.00 (39.00,54.00) 0.90 0342
Gender, n (%) 53.84 <0.001
Male 4510 (51.06) 3,618 (49.29) 892(59.75)
Female 4323 (48.94) 3,722 (50.71) 601(40.25)
Race, 1 (%) 175.66 <0.001
Mexican American 1944 (22.00) 1,697 (23.12) 247 (16.54)
Hispanic 760 (8.61) 692(9.43) 68(455)
Non-Hispanic White 3,888 (44.02) 3018 (41.12) 870(58.27)
Non-Hispanic Black 1787 (20.23) 1,511 (20559) 276 (18.49)
Others. 454(5.14) 422(5.75) 32(2.14)
Education level, 1 (%) 10156 <0.001
< High school 4,836 (54.75) 3,841 (52.33) 995 (66.64)
College 2,520 (2853) 2,200 (29.97) 320 (21.44)
> College 1,477 (16.72) 1,299 (17.70) 178 (11.92)
Marital status, 1 (%) 1196 <0.001
Not married 3,291(37.26) 2675 (36.44) 616 (41.26)
Married 5,542 (62.74) 4,665 (63.56) 877 (58.74)
PIR, 1 (%) 49.60 <0.001
<13 2,909 (3293) 2388 (32.53) 537(35.96)
13-35 3,470 (39.29) 2,814 (38.34) 650 (43.54)
35 2454 (27.78) 2138 (20.13) 306 (20.50)
Smoking, n (%) 198.61 <0.001
No 3,401 (3851) 2,114 (28.80) 406 (27.20)
Yes 5,432 (61.49) 5.226 (71.20) 1,087 (72.80)
Alcohol use, n (%) 1337 <0.001
No 8,140 (92.15) 6,729 (76.18) 1,411 (1597)
Yes 693(7.85) 611(15.97) 82(0.93)
Hypertension, 1 (%) 92.87 <0.001
No 7,923 (89.70) 6,687 (91.10) 1,236 (82.79)
Yes 910 (10.30) 653 (8.90) 257 (17.21)
DM, 1 (%) 23.07 <0.001
No 6,905 (78.17) 5,668 (77.22) 1,237 (82.85)
Yes 1928 (21.83) 1,672 (22.78) 256 (17.15)

M, medians Q, quartile DI, Dietary Inflammatory Index; TC, total cholesterol; TR, trglyceride; HDL, high-density lipoprotei
iver index; BMI, body mass index; PIR, poverty income ratio; DM, diabetes mellitus.

Non-normally distributed variables are displayed as median with 1+ and 3* quartile (M, Q1, and Q3). Categorical variables are displayed as numbers with weighted percentages (1, %). Bold
values indicate statistical significance (p < 0.05).

LU, glucose; ALT, glutamic-pyruvic transaminase; FLI, faty
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VEUELIES Cohort Cases (n) Person- Incidence rate HR (95% Cl), p-value
Model 1 Model 2 Model 3

(n) years per 10,000
person-years

Magnesium (mg/day)

Q1 (<273.64) 25422 304 2225120 13.66 Ref Ref Ref

Q2 (227364 t0 <354.05) 25423 282 244422 1256 092(078-108),  0.91(078-1.07), 093 (0.79-1.10),
P=0313 p=0273 p=0394

Q3 (235205 to <446.42) 25422 235 2253944 1043 076 (064-091), 075 (063-0.89), 0.7 (0.65-091),
p=0002 p=0001 p=0002

Q4 (2446.42) 25419 279 241551 1245 091(077-1.07),  0.87(074-1.02),  0.89 (0.75-1.05),
p=0263

Pfortrend 0142 0072

Zinc (mg/day)

Q1 (<9.93) 25428 334 2232248 1496 Ref Ref Ref

Q2(29.93 0 <19.82) 25444 254 241488 133 076 (064-0.89), 075 (064-0.88),  0.76 (0.64-0.89),
P=0001 Pp=0.001 P=0001

Q3 (2198210 <25.75) 25,399 250 2248073 112 0.74(063-088), 0.7 (065-090),  0.79 (0.67-093),
p<0001 p=0001 p=0004

Q4(22575) 25415 262 243228 1168 078(066-092), 0.7 (065-090),  0.79 (0.67-093),
p=0003 p=0.001 p=0004

Pfortrend 0.004 0.004 0011

Iron (mg/day)

Q1 (<13.65) 25436 311 2227202 1396 Ref Ref Ref

Q2(21365 10 <24.03) 25,407 275 247779 1223 0.88(075-1.03),  0.85(072-1.00),  0.87 (0.74-1.03),
p=0.111 p=0053

Q3 (2240310 <31.72) 25444 265 247164 179 0.84(0.72-100),  0.86 (0.73-1.02),
Pp=0044 p=0080

Q4(231.72) 25,399 249 2242893 110 0.80(067-094), 078 (066-092),  0.81 (0.68-096),
p=0007 p=0003 014

Pfortrend 0.007 0.008 0028

Copper (mg/day)

Q1 (<1.23) 25,653 316 2248035 1406 Ref Ref Ref

Q2 (212310 <2.34) 25242 268 2230270 1202 0.86(073-101),  0.83(071-098),  0.85 (0.72-1.00),
P =0060 p=0029 p=0046

Q3 (223410 <3.2) 25,697 273 2269589 1203 086(0.73-101),  0.88(0.75-1.04), 091 (077-1.07),
p=0060 Pp=0.138 p=0251

Q4(232) 25,094 243 27142 1096 0.78(066-092), 0.7 (065-091),  0.80 (0.68-095),
P=0.004 P=0003 P=0010

Pfortrend 0.008 0015 0047

Selenium (mcg/day)

Q1 (<59.52) 25434 306 2228656 1373 Ref Ref Ref

Q2(25952t0 <81.59) 25410 272 251818 1208 0.88(075-104),  0.87(073-1.02), 0.8 (0.74-1.03),
Pp=0.125 P=0086 p=0.114

Q3 (28159 t0 <110.78) 25429 251 2246914 117 081(0:69-096),  0.78 (0.66-0.92), 079 (0.6-0.93),
p=0016 p=0004 p=0006

Q4 (211078) 25413 271 2237649 121 0.88(075-104),  0.82(069-098),  0.83 (0.69-098),
Pp=0134 p=0028 p=0029

Pfor trend 0151 0032 0031
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Processing [eIETEIES HR (95% Cl), p-value

methods i . i
Magnesium pAl Iron Copper Selenium
Primary analysis Q Ref Ref Ref Ref Ref
@ 093(079-110),p=0394  076(064-089), 087(074-103),  085072-L00), 0.88(074-L03),
p=0001 p=0097 p=0016
@ 077(065-091),p=0002  079(067-093), 089 (076-105), | 091 (077-107),
p=0004 p=0176 p=0251
Q 089(075-105),p=0154  079(067-093),  081(0.68-096),  080(068-0.5),
p=0014 p=0010
Plor trend 0072 0028 0017
Deleting missing values Q1 Ref Ref Ref Ref
@ 091(077-108,p=0273 | 079067099, 086 0.73-102), 053 (070-038),
007 p=0091 p=0029
@ 075(062-0.89),p=0001  079(067-090,  088(075-105),  091(076-L07), 079 (0.66-095),
=008 p=0159 p=02is p=0011
Q 088(074-100,p=0145  079(066-093),  081(068-096),  080(067-095), 0.84(070-L01),
p=0006 p=0017 p=0010 p=0057
Pfor trend 0073 0010 0032 0055 0044
Excluding participants Q1 Ref Ref Ref Ref Ref
with Exieime BML Q@ 095 (0.80-112),p=0526 0.7 (0.65-091),  088(075-104), 087 (073-102), 088 (0.74-104),
p=0002 p=0131 p=0088 p=0127
@ 078(066-0.93),p=0005 080 (067-090,  091(077-107), | 093(079-109), 0.80(0.67-094),
p=0007 p=0255 p=0376 p=0009
[ 090(076-107),p=0236  079(0.67-090,  082(069-097),  081(068-096), 0.84(0.70-L00),
=006 p=0022 p=0016 015
Pfor trend 0061 0016 0015 0066 0050
Excluding participants Q1 Ref Ref Ref Ref Ref
with a follow-up less Q 087(0.72-1.04),p=0.134 0.7 (0.64-092),  0.86(0.72-1.04), | 0.82 (0.68-0.99), 0.88 (0.73-1.06),
than 2years p=0005 p=o113 p=0038 p=
@ 071(058-086),p<0001 074 (061-089),  085(071-103),  088(074-106) 0.72(0.59-087),
p=0002 p=0098 p=0187
@ 081(067-097),p=0024  076(063-09, 077 (064-094), | 073 (060-0.8),
p=0004 p=0.008 p=0001

Pfor trend 0.011 0.005 0012 0.009
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Variables Overall (n =101,686) Non. 100,586) Patients (n

Age (years), mean (SD) 6240 (5.28) 62.38 (5.28) 6414 (5.19) <0.001
Sex (1, %)
Male 49,445 (48.63) 48,837 (48.55) 608 (55.27) <0001
Female 52,241 (51.37) 51,749 (51.45) 492 (44.73)
Arm (1, %)
Intervention 51,771 (5091) 51,327 (51.03) 444 (40.36) <0.001
Control 49,915 (49.09) 49,259 (48.97) 656 (59.64)

Education (1, %)

<college 42911 (42.20) 42,387 (42.14) 524 (47.64) 0.001
=college 58,578 (57.61) 58,005 (57.67) 573 (52.09)
Missing 197 0.19) 194 (0.19) 3(027)

Marital status (1, %)

Married 98,286 (96.66) 78,733 (78.27) 851(77.36) 0306
Unmarried 3,214 (3.16) 21,671 (21.54) 245 (22.27)
Missing 186 (0.18) 182(0.18) 4(0.36)

Race (n, %)
White, non-Hispanic 92,470 (90.94) 91,480 (90.95) 990 (90.00) 0432
Other 9,179 (9.03) 9,069 (9.02) 110 (10.00)
Missing 37(0.04) 37(0.04) 0(0.00)

BMI (1,%)
<25 34,428 (33.86) 34,094 (33.90) 334 (3036) 0.006
=25 65919 (64.83) 65176 (64.80) 743 (67.55)
Missing 1,339 (1.32) 1316 (1.31) 23(2.09)

Smoking (1, %)

Never 48,535 (47.73) 48,050 (47.77) 485 (44.09) 0.108
Former 43,744 (43.02) 43,237 (4299) 507 (46.09)

Current 9,394 (9.24) 9,286 (9.23) 108 (9.82)

Missing 13 (0.01) 13(0.01) 0(0.00)

Alcohol intake (n, %)

Never 10,110 (9.94) 10,013 (995) 97 (882) 0.602
Former 14,746 (14.50) 14,581 (14.50) 165 (15.00)
Current 73950 (72.72) 73,141 (72.71) 809 (73.55)

Missing 2,880 (2.83) 2,851 (2:83) 29(2.64)

history of CRC (1, %)

No 88,118 (86.88) 87,190 (86.68) 928 (84.36) 0.040
Yes. 10,301 (10.13) 10,178 (10.12) 123 (11.18)

Possibly 2,493 (2.45) 2453 (2.44) 40 (3.64)

Missing 774 (0.76) 765 (0.76) 9(0.82)

Family history of any cancer (1, %)

No 44,584 (43.84) 44,130 (43.87) 454 (41.27) 0223
Yes. 56,821 (55.88) 56,178 (55.85) 643 (58.45)
Missing 281 (0.28) 278 (0.28) 3(027)

Values are means (SD) for continuous variables or mumber (percentage) for categorical variabls. Differences in characteristis shown patients and non-patients were tested by using chi-square
tests for categorical variables and ANOVA for continuous variables.
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Variable Total Q1 Q2 Q3 Q4
Age (year) 54765 (0.149) 54,689 (0.235) 55003 (0.235) 55,005 (0.245) 54,284 (0.280) 0145
Sex 0054

Female 5,864 (50.854) 1,355 (47.834) 1,526 (50.597) 1,700 (51.372) 1,283 (53.253)

Male 6,072 (49.146) 1,683 (52.16) 1,570 (49.403) 1,660 (48.628) 1,159 (46.747)
BMI (kg/m?) 28,645 (0.095) 29.476 (0.147) 29211(0.149) 28586 (0.154) 27.358 (0.165) <0.0001%
Race <0.0001%

White 6,075 (77.909) 1,326 (71.562) 1,542 (77.016) 1,821 (80.199) 1,386 (81.830)

Black 2312 (8.344) 883 (14.411) 624 (8.973) 514(6.391) 291(4,539)

Other 3,549 (13.747) 829(14.027) 930 (14.011) 1,025 (13.410) 765 (13.631)
Education <0.0001%

<high 2471 (11.609) 876 (18.049) 709 (13.047) 570 (9.640) 316(6.626)

High 2717 (22.363) 828 (28.695) 731(25.728) 743 (20.814) 415 (14.917)

College 6,748 (66.027) 1,334 (53.256) 1,656 (61.224) 2,047 (69.546) 1711 (78.457)
Marital <0.0001%

Yes 7,559 (67.651) 1,761 (61.122) 1,938 (66.371) 2,210 (69.643) 1,650 (72522)

No 4,377 (32349) 1,277 (38.878) 1,158 (33.629) 1,150 (30.357) 792 (27.478)
Alcohol.user <0.0001*

Never 1,458 (9.639) 374(11.045) 413(10.829) 400 (9.085) 271(7.779)

Former 2,345 (16.430) 718 (20.246) 598 (15.727) 595 (15.032) 434 (15.413)

Mild 4,524 (41.547) 953 (32427) 1,144 (39.335) 1,335 (44.014) 1,092 (49.189)

Moderate 1,821 (17.440) 470 (17.247) 457 (16.704) 532 (18.258) 362 (17.

Heavy 1,788 (14.944) 523(19.035) 484/(17.405) 498 (13.611) 283 (10.243)
Alcohol (g/day) 10513 (0:358) 10.330 (0.672) 11115 (0.751) 11185 (0.563) 9.208 (0.581) 0057
Smoke <0.0001*

Yes 2,203 (17.426) 886 (30.661) 590 (19.126) 525 (14.084) 202(7.635)

No 9,733 (82.574) 2,152(69.339) 2,506 (80.874) 2,835 (85.916) 2,240 (92.365)
Physical activity (MET-minute/week) | 2876530 (68.968) | 2623.927(127.134) | 2846.104 (121.182)  2947.550 (108.621) = 3052215 (114.543) 0034
SBP 124,378 (0.267) 126,592 (0.487) 125.737 (0.449) 123,882 (0.405) 121,524 (0.435) <0.0001%
Total energy intake, Mean (S.E) 2142.145(11832) | 1574933 (17543) | 1972425 (17.782) | 2291644 (20394) | 2656452 (31.031) <0.0001%
C 206.450 (0.685) 208.433 (1.289) 206546 (1.051) 206130 (1.126) 204928 (1.173) 0203
HDL 55.115 (0.260) 53.522(0.487) 53.739 (0.468) 55.680 (0.455) 57.329 (0534) <0.0001*
Alt 25.951 (0.216) 26124 (0.459) 26660 (0.565) 25617 (0.286) 25.456 (0.466) 0317
Blood urea nitrogen (mg/dL) 13.771 (0.084) 13.001 (0.140) 13.696 (0.120) 13.900 (0.117) 14398 (0.142) <0.0001%
Creatinine (mg/dL) 0.895 (0.003) 0.924 (0.008) 0,897 (0.005) 0,889 (0.005) 0.874 (0.005) <0.0001%
Albumin (g/L) 42,985 (0.051) 42,569 (0.097) 42918 (0.083) 43.077 (0.074) 43.325 (0.075) <0.0001*
Whe_1000cells (/L) 7.043 (0.030) 7.363 (0.062) 7.172(0.053) 7.015 (0.059) 6648 (0.053) <0.0001*
Lym 30.006 (0.104) 30.181 (0.190) 29917 (0.189) 29759 (0.194) 30.245 (0.186) 0164
Neu 58433 (0.111) 58.438 (0.222) 58448 (0.227) 58,664 (0.211) 58.127 (0221) 0394
Hemoglobin (g/dL) 14394 (0.032) 14.469 (0.046) 14.455 (0.046) 14348 (0.046) 14320 (0.041) 0.007*
Healthy eating index 53.210 (0.253) 46,330 (0.339) 5107 (0.304) 54,584 (0.361) 60.096 (0.476) <0.0001*
Dietary fiber (g/day) 17.807 (0.145) 9.876 (0.109) 14.562 (0.128) 19245 (0.174) 26.735 (0.298) <0.0001*
Carotene (RE/day) 238507 (6.335) 103.602 (4.937) 179.929 (6.857) 243795(7.380) 417803 (22.479) <0.0001*
Alpha carotene (mcg/day) 495.118 (21.045)  495.118(21.045)  495.118(21.045) | 495.118(21045)  495.118 (21.045) <0.0001*
Beta carotene (mcg/day) 2614526 (67.059) | 1133.500 (53827) | 1968.792(73.378) | 2680789 (80.458) | 4575477 (233.678) <0.0001*
Riboflavin (mg/day) 2.269 (0.016) 1445 (0.015) 1973 (0.018) 24450 (0.023) 3112 (0.033) <0.0001*
Niacin (mg/day) 25,045 (0.158) 16,327 (0.173) 22.115(0.252) 27.193 (0.230) 33477 (0.380) <0.0001%
Total folate (mcg/day) 417.050 (3336) 242,641 (2.103) 339.682 (3.286) 451642 (3933) 616029 (7.580) <0.0001%
Vitamin B12 (mcg/day) 5.399 (0.088) 2917 (0.064) 4.365 (0.089) 6.137(0213) 7.853 (0.162) <0.0001%
Vitamin B6 (mg/day) 2,073 (0.016) 1201 (0.014) 1.735 (0.023) 2257 (0.022) 3002 (0.034) <0.0001%
Vitamin C (mg/day) 87.605 (1.243) 45.663 (1.266) 67.817 (1.487) 93.269 (2.107) 140.012 (2.783) <0.0001*
Vitamin E (ATE) (mg/day) 8.541(0.094) 4,646 (0.062) 6841 (0.076) 9.272(0.107) 13.008 (0217) <0.0001*
Calcium (mg/day) 943926 (7.114) 561.495 (6.678) 802827 (8.451) 1020033 (9917) 1349674 (15.124) <0.0001%
Magnesium (mg/day) 312993 (2.121) 187.249 (1.490) 263576 (1.754) 339.453 (2.254) 447.816 (3.871) <0.0001%
Zinc (mg/day) 11970 (0.093) 7.363 (0.093) 10158 (0.129) 13144 (0.179) 16,656 (0.199) <0.0001%
Copper (mg/day) 1370 (0.013) 0.813 (0.008) 1131 (0.010) 1516 (0.030) 1953 (0.025) <0.0001*
Total fat (g/day) 81767 (0.529) 58.170 (0.658) 75.980 (0.761) 88532 (0.908) 101136 (1.277) <0.0001*
Tron (mg/day) 15.497 (0.111) 9.657 (0.106) 13070 (0.116) 16761 (0.156) 21854 (0.263) <0.0001%
Selenium (mcg) 112.991 (0.640) 75.700 (0.779) 100.885 (0.966) 122215 (1.152) 148.561 (1.737) <0.0001*
Cotinine (ng/mL) 53.587 (2.189) 96.752 (4.360) 60517 (3.941) 40.254 (2780) 23.224 (2565) <0.0001*
Anemia 0052

Non-Anemia 11,073 (95.011) 2,770 (93.625) 2,877 (95.461) 3,131 (94.798) 2,295 (96.072)

Mild 649 (3.655) 201 (4.344) 166 (3327) 169 (3.884) 113 (3.082)

Moderate 202(1.264) 65 (1.908) 49(1.129) 56(1.270) 32(0.808)

Severe 2(0.070) 2(0.123) 4(0083) 4(0.047) 2(0.037)
CKD <0.0001*

Yes 1,761 (12391) 585 (16.394) 458 (13.437) 446 (11.433) 272(8.803)

No 10,175 (87.609) 2,453 (83.606) 2,638 (86.563) 2,914 (88.567) 2,170 (91.197)
Hypertension <0.0001*

Yes 5,619 (42.957) 1,613 (47.327) 1,499 (46.680) 1,521 (42.598) 986 (35.447)

No 6,317 (57.043) 1425 (52673) 1,597 (53.320) 1,839 (57.402) 1,456 (64.553)
Hyperlipidemia <0.0001%

Yes 9,308 (78.567) 2,422 (80.606) 2473 (81.662) 2,613 (77.810) 1,800 (74.361)

No 9,308 (78.567) 2,422 (80.606) 2473 (81.662) 2,613 (77.810) 1,800 (74.361)
DM <0.0001*

Yes 2,146 (13.133) 645 (15302) 584 (14.848) 598 (13.336) 319(9.070)

No 9,790 (86.867) 2,393 (84.698) 2512 (85.152) 2,762 (86.664) 2,123 (90.930)
10-year ASCVD risk 0.080 (0.001) 0.094 (0.002) 0.085(0.003) 0,078 (0.002) 0.062 (0.002) <0.0001
High predicted 10-year ASCVD <0.0001*

Yes 4,897 (33.204) 1,489 (39.133) 1334 (37.014) 1,287 (32.205) 787 (24.970)

No 7,039 (66.796) 1,549 (60.867) 1,762 (62.986) 2,073 (67.795) 1,655 (75.030)

Mean +SEs for continuous variables: p value was calculated by weighted Student’s t-test. Number (%) for categorical variables: p value was calculated by weighted chi-square test. BMI, Body
mass index; Edu, Education; LYM, Lymphocyte ratio; WBC, Leucocyte count; Neu, Neutrophile granulocyte; 10-year ASCVD risk, 10-year atherosclerotic cardiovascular disease risk; DM,
Diabetes mellitus; CKD, Chronic kidney disease; TC, Cholesterin; HDL, High density lipoprotein; SBP, Systolic pressure; High predicted 10-year rsk, 10-year ASCVD risk 27.5%.
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Multivariable adjusted (OR, 95% Cl)*

Model 1 Model 2 Model 3
95%Cl p-value 95%Cl p-value 95%Cl p-value

Qi ref. ref ref

Q 0.91(0.79,1.05) 021 0.83 (0.6, 1.05) 011 0.790.61,1.03) 0.08
Q3 0.74 (0.63,0.86) <0001 0.57 (0.46,0.71) <0.0001 0.56(0.41,0.77) <0.0001
Qi 0,52 (0.45,0.60) <0.0001 0.34(027,045) <0.0001 0.39(0.27,056) <0.0001
prend <0.0001 <0.0001 <0.0001
oBs 0.97(0.96,0.97) <0.0001 0.94 (093, 0.95) <0.0001 0.94(092,096) <0.0001

Model 1 comprised OBS only. Model 2 included Model 1, sex, and age, race and education. Model 3 included Model 2, creatinine, lymphocyte ratio (LYM), leucocyte count (WBC), glutamic-
pyruvic transaminase (ALT), alcohol user, diabetes mellitus (DM), hypertension, hyperlipidemia, anemia, and total energy intake. *p<0.05.
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Multivariable adjusted (HR, 95% CI)*
Model 1 Model 2 Model 3

95%CI p-value 95%CI p-value 95%Cl p-value

All-cause mortality

Q ref ref ref
Q2 0.85 (0.68,1.07) 0.17 0.82(0.65,1.03) 0.08 0.86 (0.67,1.10) 023
Q3 0.87 (0.70,1.07) 0.18 0.80 (0.65,0.99) 0.04 0.89 (0.69,1.14) 034
Q4 0.65 (0.50,0.84) <0.001 0.57 (0.44,0.73) <0.0001 0.66 (0.49,0.87) 0.004
pirend 0002 <0.0001 001
OBS 0.98 (0.97,0.99) <0.0001 0.97 (0.96,0.98) <0.0001 0.97 (0.96,0.99) <0.0001

CVD mortality

Qi ref ref ref
Q2 0.71 (0.50,1.00) 0.05 0.66 (0.47,0.92) 0.01 0.66 (0.45,0.96) 0.03
@ 062 (0.44087) 001 054(039,0.74) <0001 056 (0.36,0.85) 001
Q1 0.53 (0.33,0.84) 0.01 0.43(0.27,0.69) <0.001 0.45 (0.25,0.80) 0.01
pirend 0004 <0.0001 001
OBS 0.97 (0.95,0.99) <0.001 0.95(0.93,0.97) <0.0001 0.95 (0.93,0.98) 0.002

Model 1 comprised OBS only. Model 2 included Model 1, sex, and age, race and education. Model 3 included Model 2, creatinine, lymphocyte ratio (LYM), leucocyte count (WBC), glutamic-
pyruvic transaminase (ALT), alcohol user, diabetes mellitus (DM), hypertension, hyperlipidemia, anemia, and total energy intake. *p <0.05.
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Thiamine
compound

Role in gastrointestinal system

Chemical transformations in gastrointestinal system

‘Thiamine

ThMP

ThDP

“THTP and
adenylated THTP

Is transported to enterocytes, directly through the thiamine and
OCT transporters, or coupled to ThMP production in
transphosphorylation by intestinal alkaline phosphatase (ALPI).
May be exchanged for proton through MATE.

Important for systemic supply.

May be exchanged for folate through SLCI9AL

Important for systemic supply.

Essential coenzyme of central metabolism. May be exchanged on
external folate through SLC19A1 and returned to enterocyte through
SLC44A4,

Specific action in gastrointestinal system is not characterized. In
general, these derivatives regulate metabolic enzymes involved in
ACh production in mammals through different mechanisms. THTP
in of ACh synapses. ThTP is

presumed to be involved into thiamine co-release with ACh at the

regulates rapsyn - scaffolding prot

synapses.

Precursor for ThDP biosynthesis by thiamine diphosphokinase (TPK).
May be degraded or modified to thiamine antagonists by thiaminases I and
1 identified in fish and microbes. Thiamine degradation in mammalian

tissues suggests existence of mammalian thiaminases.

Hydrolysed in lumen by intestinal alkaline phosphatase (ALPI). Product of

thiamine transphosphorylation by intestinal alkaline phosphatase (ALPI)

Product of the reactions catalyzed by thiamine diphosphokinase (TPK) or
thiamine triphosphatase (THTPase). May be hydrolysed to ThMP by
apyrase(s) (ENTPD). In the reaction with ATP, catalyzed by unidentified
enzyme(s), produces regulatory derivative, adenylated THTP.

THTP is synthesized from ThDP by adenylate kinase(s) (KAD) and
hydrolysed to ThDP by thiamine triphosphatase (ThTPase). THTP may

be hydrolysed to ThMP by apyrase(s) (ENTPD). In the brain, but not liver,
‘mitochondria THTP may be formed by ATP synthase in the proton-gradient-

dependent manner.
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Micronutrients Sample  Population  GWAS ID

size
Copper 2,603 European ieu-a-1073
Calcium 64,979 European ukb-b-8951
Carotene 64,979 European ukb-b-16202
Folate 64979 European ukb-b-11349
Iron 64,979 European ukb-b-20447
Magnesium 64,979 European
Potassium 64979 European ukb-b-17881
Selenium 2,603 European ieu-a-1077
Zinc 2,603 European ieu-a-1079
Vitamin A 460,351 European ukb-b-9596
Vitamin B12 64,979 European ukb-b-19524
Vitamin B6 64,979 European ukb-b-7864
Vitamin C 64,979 European ukb-b-19390
Vitamin D 64979 European ukb-b-18593

Vitamin E 64979 European ukb-b-6888
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