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Editorial on the Research Topic 


Tissue crosstalk in obesity and diabetes: a focus on skeletal muscle


In the complex biological system of higher organisms, the maintenance of metabolic homeostasis requires intricate crosstalk among different tissues and organs. Such inter-organ communication, including classical hormones, other peptides, and extracellular vesicles (EVs), allows one tissue to affect metabolic pathways in a distant tissue. Dysregulation of this communication contributes to human pathologies, including obesity, diabetes, liver diseases, and certain cancers.

This Research Topic aimed to shed light onto the complex tissue crosstalk underlying metabolic diseases, specifically obesity and type 2 diabetes (T2D). It highlights the latest scientific evidence exploring such interactions among different tissues, with a specific focus on the role of skeletal muscle and its secretion of myokines and EVs that contribute to the regulation of metabolism in liver, adipose tissue, and other organs.

The language of muscle-based communication is largely spoken through myokines. Kurose et al. provide a nuanced view of the Myostatin (MSTN) and Follistatin (FST) response to weight loss in obesity, demonstrating that their dynamics are not merely a function of weight change but are also influenced by physical activity and the degree of metabolic improvement. Additionally, Bunn et al. present the therapeutic promise of targeting this system, revealing that MSTN inhibition, when combined with insulin, confers superior benefits for both muscle mass and trabecular bone in a female mouse model of type 1 diabetes, underscoring the muscle-bone crosstalk. The study by Ji et al. highlights Prosaposin (PSAP) and Ependymin-related protein 1 (EPDR1), recently identified as circulating factors secreted by muscle and/or adipose tissue (1, 2). The authors found that the levels of these factors are elevated in T2D and strongly correlate with insulin resistance, proposing them as potential new biomarkers and therapeutic targets.

MG53/TRIM72 has emerged as a promising target in regenerative medicine due to its significant ability to repair cell membranes and exert anti-inflammatory effects in a variety of tissues, including skeletal muscle. However, several studies have raised concerns that MG53 may function as a diabetogenic myokine by disrupting insulin signaling (3). In this study, Lee et al. demonstrate that MG53 does not bind to the insulin receptor at physiologic concentrations and does not impair insulin-stimulated Akt phosphorylation in cultured myotubes and muscle tissues. This discovery may facilitate the progression of MG53-based therapies for acute or chronic tissue injuries without the concern for induction of insulin resistance.

Adipose infiltration in skeletal muscle impairs muscle health and function. Adipocytes can infiltrate within muscle fibers and secrete both lipotoxic molecules and pro-inflammatory cytokines. This typically results in mitochondrial dysfunction, insulin resistance, and impaired repair mechanisms, potentially leading to accelerated sarcopenia (4). Zhu et al.’s review summarizes the available information on the abnormal accumulation of adipocytes in non-adipose tissues and on the cellular mechanisms by which intramuscular adipose can contribute to muscle degeneration, including lipotoxicity, inflammatory signaling, impaired stem-cell fate, and extracellular matrix remodeling. Furthermore, the authors provide some therapeutic targets to prevent or reverse fatty infiltration and alleviate age-related musculoskeletal disorders.

Bariatric and metabolic surgery (BMS) is an effective treatment for obesity and T2D, yielding sustained improvement or even remission of T2D and reduced risk for cardiovascular disease and other complications. However, weight loss induced by either BMS or highly effective obesity medications can also promote loss of fat-free mass (5, 6), which may compromise glucose metabolism and muscle strength. Orioli et al. provide a comprehensive review exploring how changes in certain myokines after BMS may be related to both loss of muscle mass and changes in glucose metabolism. The authors report that some circulating myokines increase after BMS, such as Fractalkine (CX3CL1), Fibroblast Growth Factor 21 (FGF21) and Myonectin (CTRP15), while others decrease, such as brain-derived neurotrophic factor (BDNF), MSTN, Apelin (APLN) and Secreted protein acidic and rich in cystein (SPARC). It is important to acknowledge that it is challenging to establish skeletal muscle as the main source of these myokines. Orioli et al. also pointed conflicting results in the literature, which may be due to the different time points after BMS analyzed, and/or differences in the specific characteristics of the populations in each study.

Considering how distant tissues may communicate, produced and released by cells into the extracellular environment, EVs promote interactions within distal organs. Although to be fully characterized, their cargo may include different kinds of biomolecules (i.e., cytokines, microRNAs, lipids) (7). Two independent reviews deepen the knowledge on specific aspects of EVs research, either focusing in the role of EVs in the regulation of glucose and lipid metabolism, or exploring the relationship between EVs and T2D complications. Zhang et al. discuss how adipose tissue macrophages (ATMs)-derived EVs may mediate the communication between macrophages and adipocytes in individuals with metabolic diseases, highlighting that the extended knowledge on such crosstalk may be explored for future clinical applications. Importantly, ATMs-EVs may be coordinating the interactions between adipose tissue and other key metabolic tissues, such as skeletal muscle. Liu et al. reinforce that EVs should be considered as potential therapies. In this detailed review, the authors describe the known mechanisms linking EVs and T2D, namely their main cargo and tissue sources. For many diabetic complications, such as nephropathy, retinopathy, cardiomyopathy, there is evidence for the involvement of EVs in their pathogenesis.

Considering the brain-muscle-adipose tissue crosstalk, an original article investigated the relevance of low skeletal muscle mass alongside central obesity on cognitive impairment (CI) (Zhai et al.). Using data from a cross-sectional study, the authors estimated basal metabolic rate (BMR) and employed a mediation analysis model. Lower BMR-related parameters were identified in T2D patients with CI, suggesting that BMR may serve as a biomarker or screening parameter for cognitive risk in T2D. Given the recent definition of clinical obesity focused on complications of obesity (8), it highlights that energy expenditure, rather than body composition alone, may be an important factor to improve our understanding of cognitive impairment in T2D.

Finally, a conceptual breakthrough is provided by Song et al., who offer compelling evidence for a sex-specific gut-muscle axis. The authors demonstrate that metformin’s effects on skeletal muscle are sexually dimorphic and are associated with distinct, sex-dependent changes in gut microbiota, plasma short-chain fatty acids (SCFAs), and muscle SCFA receptor expression. This work highlights the gut microbiome as a significant regulator of muscle physiology and underscores an important recurring theme in research: sex differences. The deliberate focus on female models and the sex-differentiated outcomes, is a crucial reminder that the rules of tissue crosstalk may not be universal.

Collectively, these articles present a cohesive picture of a sophisticated, multi-organ dialogue with skeletal muscle at its core. From the complex regulation of myokines and EVs to the emerging influence of the gut microbiome, these findings move us beyond simplistic models and pave the way for more precise and personalized strategies to treat metabolic diseases.
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Background

Exercise-induced cytokines involved in controlling body composition include myostatin (MST) and follistatin (FST), both of which are influenced by physical activity. This study investigated changes in body composition and physical activity during a weight loss program, as well as the impact on serum MST and FST levels at various weight loss rates.





Methods

A total of 126 patients with obesity who completed a 6-month weight loss program were divided into three groups based on weight loss rate (%): low (< 3%), middle (3–10%), and high (≥10%). The International Physical Activity Questionnaire was used for assessing physical activity, whereas dual X-ray absorptiometry was used to determine body composition. Serum MST and FST levels were measured using the enzyme-linked immunosorbent assay.





Results

The middle and high groups showed a significant decrease in percent body fat and a significant increase in percent lean body mass and physical activity. Serum MST levels increased significantly in all three groups, although FST levels reduced significantly only in the middle group. After adjusting for sex and body composition, changes in peak oxygen intake (β = -0.359) and serum FST levels (β = -0.461) were identified as independent factors for the change in MST levels in the low group. Sex (β = -0.420) and changes in MST levels (β = -0.525) were identified as independent factors for the change in serum FST levels in the low group, whereas in the high group, sitting time (β = -0.600) during the weight loss program was identified as an independent factor for change in serum FST levels.





Conclusion

Serum MST levels in patients with obesity increased significantly following the weight loss program, independent of weight loss rate. In contrast, serum FST levels reduced significantly only in the 3–10% weight loss group. These findings indicate that MST and FST secretion dynamics may fluctuate in response to physical activity, while also reflecting feedback regulation of body composition and metabolism during weight reduction.





Keywords: exerkine, myostatin, follistatin, physical activity, obesity, weight loss




1 Introduction

Obesity is a risk factor for cardiometabolic diseases such as hypertension, diabetes, ischemic heart disease, and stroke (1, 2). Obesity is normally treated with diet and exercise therapy; however, weight loss often leads to a decline in skeletal muscle mass as well as a reduction in body fat mass. One explanation for this phenomenon is that lower physical load caused by weight reduction reduces the absolute quantity of skeletal muscle necessary for physical activity, increasing the risk of muscle atrophy. Moreover, weight loss due to extreme energy restriction is expected to reduce muscle protein synthesis (3). Another factor that has garnered attention is the modulation of skeletal muscle mass by myokines or exercise-induced cytokines (exerkines) released by skeletal muscles (4).

Myostatin (MST) and follistatin (FST) are widely recognized exerkines involved in the regulation of skeletal muscles (5). MST, also known as growth differentiation factor 8, is a member of the transforming growth factor beta superfamily, and is secreted primarily by skeletal muscles. It acts as a negative regulator of muscle mass and inhibits muscle growth (6). Inhibition of MST contributes to suppression of muscle atrophy and reduction in fat accumulation (7). In contrast, FST, secreted by the skeletal muscle, liver, gonads, and adipose tissue, binds to MST and promotes skeletal muscle anabolism by inhibiting the myostatin/activin-ActRIIB pathway (8, 9). FST levels have been reported to increase with exercise (10). Additionally, FST expression increases in non-alcoholic fatty liver disease and plays a protective role against hepatic steatosis (11). Increased FST levels in individuals with obesity are suggested to stimulate skeletal muscle anabolism and alleviate fatty liver disease.

In our previous studies, we reported that appendicular lean mass adjusted for body weight was a positive predictor of serum MST levels and that MST significantly increased following weight loss (12, 13). We also reported that serum FST levels were positively correlated with percent body fat and negatively correlated with percent lean body mass (LBM); MST and exercise tolerance were significant negative predictors of serum FST levels (14). These findings suggest that the secretion kinetics of MST and FST may be regulated to maintain systemic homeostasis, presumably influenced by complex factors, such as changes in body composition and physical activity (15).

Variations in MST and FST kinetics could serve as potential markers for early detection and prevention of muscle atrophy during weight loss. However, given that changes in body fat and skeletal muscle vary depending on the extent of weight loss, the effect of MST and FST kinetics, along with physical activity, in response to changes in body composition remains unclear. Although previous studies have reported tissue-derived MST and FST kinetics, studies using serum samples from patients with obesity undergoing weight loss therapy are limited.

Therefore, this study aimed to investigate changes in body composition and physical activity following a weight loss program as well as their effects on serum MST and FST levels at various weight loss rates.




2 Materials and methods



2.1 Participants

The study included 126 patients with obesity who visited the obesity outpatient clinic at the Kansai Medical University Hospital between June 2014 and September 2020, and completed a 6-month weight loss program. The exclusion criteria were history of cardiac pacemaker implantation, pregnancy, severe liver dysfunction, renal disease, secondary causes of obesity owing to endocrine disorders, and wasting disease with extreme weight loss within the past 6 months.

The study was conducted in accordance with the principles of the Declaration of Helsinki, and all procedures were approved by the Ethics Committee of the Kansai Medical University (approval no. 2019092). Written informed consent was obtained from all participants before commencing the study.




2.2 Study protocol

This was a retrospective, observational study (Supplementary Figure 1). The participants finally included in the weight loss program were divided into three groups based on their weight loss rates (%): Low group, < 3%; the middle group, between > 3% and < 10%; and high group, > 10%. Data regarding clinical characteristics and past medical histories were collected from medical records. At the initial visit, lifestyle factors such as current smoking status, regular alcohol consumption, and exercise habits were determined. An exercise habit was defined as engaging in exercise for at least 150 min per week. This study compared changes in body composition, physical function, vascular function, physical activity, energy intake, and blood samples in the three groups at the end of a 6-month weight loss program. Additionally, indices associated with changes in serum MST and FST levels were analyzed for each group.




2.3 Weight loss program

The weight loss program was initiated once the pre-intervention evaluation was completed following the initial visit. The program, conducted under the supervision of a physician specializing in obesity, was a comprehensive 6-month program consisting of physician supervision, exercise instruction, nutritional guidance, and psychological counseling. Supervised exercise therapy was based on weekly sessions of a 60-min regimens that included stretching, 30 min of aerobic exercise at anaerobic metabolic threshold intensity, and resistance training using body weight for two sets of 10 repetitions each of three different types (lower extremity and trunk muscle). In principle, patients were instructed to perform the program, including home-based exercises, three times per week. Home-based exercise emphasized aerobic exercise and encouraged the need for greater physical activity with the goal of increasing energy expenditure. A health fitness programmer planned and instructed these workout regimens. A professional dietitian and psychotherapist provided dietary guidance and counseling on a monthly basis. The dietitian provided monthly nutritional guidance, eating behavior instruction, and dietary advice based on dietary records. The psychotherapist provided monthly counseling based on cognitive behavioral therapy, with an emphasis on self-monitoring and efficacy.




2.4 Measurement



2.4.1 Body composition

A few days following the initial visit, body composition was measured using dual-energy X-ray absorptiometry (DXA; DPX-NT System; GE Healthcare, Buckinghamshire, UK). The measurement parameters included body weight, body fat mass, and LBM (whole body, upper extremities, trunk, and lower extremities). The percentage of body fat mass and LBM were determined by dividing by the body weight. Computed tomography and fat scan analysis software (East Japan Technology Tokyo Laboratory, Tokyo, Japan) were used to measure the umbilical visceral fat area and subcutaneous fat area.




2.4.2 Physical function and arterial stiffness

Physical function was assessed based on exercise tolerance and lower limb strength. A symptom-limited cardiopulmonary test (CPX) employing a ramp protocol was performed using a cycle ergometer (AEROBIKE 75XL; Combi Co., Ltd., Japan). This regimen included an initial 4-min rest period on the ergometer, followed by 4-min warm-up at a 20-watt load, and a full workout with the load raised by 1 watt every 3–6 s to be completed within 10 min. This CPX was carried out with all patients pedaling at 50 revolutions per min. Oxygen uptake (VO2), carbon dioxide output, and minute ventilation on a breath-by-breath basis were measured using an expired gas analyzer (AE-300s and 310s; Minato Medical Science Co. Ltd., Japan). The anaerobic threshold was determined using the V-slope method (16). Peak VO2 and heart rate were defined as peak values during incremental exercise. Lower limb strength was measured twice, based on uniform rotating leg muscle strength using Strength Ergo (Mitsubishi Electric Corporation, Tokyo, Japan). The maximum value was recorded, and the weight adjustment value (N.m/kg) was used.

Arterial stiffness was assessed by measuring brachial-ankle pulse wave velocity (baPWV). After 10 min of rest in the supine position, the baPWV was measured using a pulse pressure analyzer (BP-203RPE; Omron Colin Co. Ltd., Japan). Measurements were taken twice every 2 min, and the mean value from the right and left arms was considered to be the final baPWV.




2.4.3 Physical activity

Physical activity was self-reported using the shortened version of the International Physical Activity Questionnaire (IPAQ) (17). The questionnaire consisted of seven questions that assessed physical activity in the past week. Metabolic equivalent (MET) values for physical activity were classified as light (3.3MET), moderate (4.0MET), and high (8.0MET). Daily physical activity and walking time were calculated by combining physical activity, including walking for more than 10 min, with average frequency and intensity. Sitting time was defined as the average sedentary time per day between waking up to sleeping. The cutoff for evaluating the prognosis of sitting time was 480 min (18).




2.4.4 Energy intake

The dietary survey consisted of self-administered food records and corresponding photographs taken over five consecutive days each month, during the weight loss program, along with interviews about dietary details. Professional dietitians recorded the names of the dishes for typical breakfasts, lunches, dinners, and snacks as well as the ingredients, weights, seasonings, and cooking methods used in those dishes. Additionally, they checked the nutritional content of the commercially procured products. From these surveys, a dietitian counted the total number of units, with 80 kcal of energy as one unit, based on Food Exchange Lists and Standard Table of Food Composition in Japan 2020 (19, 20). Daily energy intake was calculated with the formula, total units × 80 kcal.




2.4.5 Blood sampling

Fasting blood samples were collected to determine the serum levels of aspartate aminotransferase, alanine aminotransferase, gamma-glutamyl transpeptidase, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, triglycerides, glucose, glycosylated hemoglobin, C-reactive protein, and serum insulin. The homeostasis model assessment of insulin resistance was calculated based on the fasting blood insulin levels at early morning, following fasting, (homeostasis model assessment of insulin resistance = [fasting serum insulin × fasting plasma glucose]/405). Blood samples were stored at −80°C. Serum exerkine (FST and MST) levels were measured using a human Quantikine ELISA Kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions. The intra- and inter-assay coefficients of variation were 2.0–2.7% and 7.9–9.2% for FST and 1.8–5.4% and 3.6–6.0% for MST, respectively.





2.5 Statistical analyses

Continuous data are expressed as mean ± standard deviation or median (interquartile range), depending on the presence or absence of a normal distribution; categorical data are expressed as incidences and percentages. The Shapiro–Wilk test was used to determine the normality of the data. Comparisons between the three groups were performed using the one-way analysis of variance, Kruskal–Wallis test, or chi-squared test. The Bonferroni correction was performed as a post-hoc analysis. Comparisons of before and after the weight loss program were analyzed using the paired t-test or Wilcoxon signed-rank test, and comparisons between two groups were performed using the unpaired t-test. Pearson’s correlation coefficient was used to determine the relationship between changes in MST and FST, followed by multiple regression analysis. The independent variables were selected by considering the correlation and adjustment factors. All statistical analyses were performed using SPSS version 26.0 J for Windows (IBM Corp., Armonk, NY, USA), and P-values < 0.05 were considered statistically significant.





3 Results



3.1 Patient characteristics

The characteristics of the patients at the initial visit in the three groups are shown in Table 1. There were no significant differences in age, sex, body composition, or medical history between the three groups. The use of oral hypoglycemic agents in the low group was significantly higher than that in the other groups; however, there were no significant differences in terms of other medications and lifestyle habits.

Table 1 | Patients characteristics at initial visit.


[image: A table displays demographic, medical history, medication, and lifestyle data for three groups: low, middle, and high, based on a sample size of 126. Key metrics include age, percentage of men, height, weight, body mass index, hypertension, dyslipidemia, diabetes mellitus, use of antihypertensives, hypolipidemic agents, insulin, oral hypoglycemic agents, smoking status, alcohol consumption, and exercise habits. P-values are provided for statistical comparison. Significant differences are noted with an asterisk.]



3.2 Changes in physiological parameters due to the weight loss program

The changes due to the weight loss program are shown in Table 2, Supplementary Table 1. There were no significant differences in the baseline values between the three groups. Body weight, body fat mass, visceral fat area, and subcutaneous fat area significantly decreased in the middle and high groups after 6 months. The percent LBM significantly increased in the middle and high groups but significantly decreased in the low group. Furthermore, the blood pressure significantly decreased in the middle and high groups, and the baPWV significantly improved. Peak VO2, lower limb strength, daily physical activity, and walking time significantly increased in the middle and high groups, whereas there was significant decrease in energy intake in all groups. Aspartate aminotransferase, alanine aminotransferase, and C-reactive protein levels significantly decreased in all groups, and insulin resistance improved in the middle and high groups but worsened in the low group.

Table 2 | Changes due to weight loss program in each group.


[image: A detailed table comparing three groups (Low, Middle, High) at baseline and six months across various health metrics. It includes measurements like body weight, body mass index, blood pressure, physical function, physical activity, and biochemical examination indices with p-values for statistical significance. Measurements show changes over time within each group, indicating significant changes in metrics like body weight, body fat percentage, and certain biochemical markers. The table concludes with a note on data expression and statistical notation.]
The changes in serum MST and FST levels are shown in Figure 1. Serum MST levels significantly increased in all groups (median, low: 2236.4 to 2519.8, middle: 2187.3 to 2484.8, high: 2279.1 to 2675.7 pg/mL) after 6 months (P < 0.05). However, serum FST levels (median, low: 838.4 to 945.3, middle: 926.1 to 759.0, high: 776.7 to 965.2 pg/mL) and F/M ratio (median, low: 0.35 to 0.28, middle: 0.38 to 0.28, high: 0.36 to 0.32) significantly decreased only in the middle group (P < 0.05). There were no significant differences in the rate of change in MST, FST, or F/M ratio between the groups.

[image: Box plots compare baseline and six-month measurements for MST, FST, and F/M ratio across low, middle, and high groups. Significant differences are indicated, with asterisks marking p-values less than 0.01 and 0.05.]
Figure 1 | Changes in serum myostatin and follistatin levels and F/M ratio. Serum MST levels significantly increased in all three groups. Serum FST levels and the F/M ratio significantly decreased only in the middle group. FST, follistatin; MST, myostatin.




3.3 Relationship between serum MST and FST dynamics and changes in body composition and physical activity

Indicators that demonstrated a significant correlation with the rate of change in serum MST and FST levels are shown in Figure 2. During the weight loss program, the rate of change in MST level in the low group was negatively correlated with the rate of change in peak VO2 (r = -0.444), whereas the rate of change in FST level was positively correlated with sitting time (r = 0.408). The rate of change in FST level in the middle group was positively correlated with the rate of body fat mass (r = 0.275) and percent body fat (r = 0.247). Conversely, the rate of change in FST levels in the high group was negatively correlated with the rate of change in the visceral fat area (r = -0.521) and sitting time (r = -0.571) during the weight loss program.

[image: Scatter plots display relationships between different parameters across three groups: low, middle, and high.   Top left: Low group shows negative correlation (r = -0.444, P = 0.011) between change in MST and change in Peak VO2.   Top middle: Middle group shows positive correlation (r = 0.275, P = 0.024) between change in FST and change in body fat mass.   Top right: High group shows negative correlation (r = -0.521, P = 0.009) between change in FST and change in visceral fat area.   Bottom left: Low group shows positive correlation (r = 0.408, P = 0.031) between change in FST and sitting time.   Bottom middle: Middle group shows positive correlation (r = 0.247, P = 0.044) between change in FST and percent body fat.   Bottom right: High group shows positive correlation (r = 0.571, P = 0.005) between change in FST and sitting time.]
Figure 2 | Correlation with changes in serum myostatin and follistatin levels. Significant correlations between changes in serum MST and FST levels and changes in body composition and physical activity observed within each group. FST, follistatin; MST, myostatin.

The results of the multiple regression analysis to determine the changes in serum MST and FST levels for the three groups are shown in Table 3. The changes in peak VO2 (β = -0.359) and FST levels (β = -0.461) were identified as independent factors affecting the change in MST level in the low group, even after adjustment for sex and body composition. No significant independent factors for changes in MST levels in the middle and high groups were detected. Sex (β = -0.420) and changes in MST level (β = -0.525) were identified as independent factors affecting the change in FST level in the low group, whereas sitting time (β = -0.600) during the weight loss program was an independent factor affecting the change in FST levels in the high group. No significant independent factors for changes in FST levels in the middle group were identified.

Table 3 | Multivariate analysis to identify factors predicting changes in serum MST and FST levels.


[image: Table displaying regression coefficients, p-values, and variance inflation factors (VIF) for various variables across low, middle, and high groups in two categories labeled A. MST and B. FST. Variables include sex, percent body fat, percent lean body mass (LBM), peak VO₂, sitting time, and percentages for FST and MST. Notes emphasize the significance of coefficients and define terms such as VIF, LBM, and VO₂.]
The MST, FST, and F/M ratio were compared by classifying the sitting time of each group with a 480 min cutoff, revealing that the serum FST levels in the high group were significantly increased with < 480 min of sitting (Figure 3).

[image: Bar graphs comparing percentages for MST, FST, and F/M ratio across low, middle, and high categories. White bars represent less than 480 minutes, and black bars represent 480 minutes or more. MST shows no significant difference. FST shows significant differences with p-values of 0.088 and 0.036. F/M ratio has no significant difference.]
Figure 3 | Changes in serum myostatin and follistatin levels and F/M ratio due to sitting time. Changes in serum MST and FST values and F/M ratio were compared by classifying the daily sitting time of each group as 480 min. FST, follistatin; MST, myostatin; NS, not significant.





4 Discussion

This was a retrospective study conducted in patients with obesity who completed a 6-month weight loss program, and examined the dynamics of serum MST and FST levels under conditions confirming changes in body composition and metabolism, similar to previous reports on weight loss effects (21). The results showed that serum MST levels significantly increased, regardless of the extent of weight loss, whereas serum FST levels significantly decreased only when the weight loss was 3–10%. Together with variations in the exerkine levels, LBM in the low group significantly decreased, whereas the middle and high groups showed no significant change. Additionally, the middle and high groups experienced a significant increase in LBM percentage. The exercise regimen in this study was not sufficient to increase the total amount of LBM during weight loss, however the increase in LBM percentage in the middle and low groups may be attributed to the reduction in fat mass associated with weight loss. Although serum MST levels significantly increased in all the groups after the weight loss program, these changes may have different underlying mechanisms. The low group showed almost no changes in body composition or physical activity, whereas their insulin resistance tended to worsen. Individuals with obesity have been reported to show a positive association between high MST and high serum insulin levels, regardless of skeletal muscle mass, suggesting that the effects of worsening insulin resistance may be a part of the mechanism underlying the increase in MST levels in the low group (22). We also found that the change in peak VO2 was a negative independent factor for the change in MST levels in the low group. In a previous study, regular aerobic training, whereas adjusting dietary intake to prevent changes in body composition, significantly decreased MST levels and increased exercise tolerance (23). Regular exercise has been reported to contribute to a decrease in MST levels, whereas physical inactivity may contribute to skeletal muscle atrophy by inducing an increase in MST levels (24, 25). Therefore, the increase in MST level in the low group was thought to be influenced by worsening insulin resistance and physical inactivity. The middle and high groups showed significant decreases in percent body fat and insulin resistance, coupled with notable increases in percent LBM, physical activity, and exercise tolerance. Although increased physical activity contributes to a decrease in MST levels (24–27), MST is also expected to inhibit skeletal muscle synthesis to maintain homeostasis in response to successful weight loss and increased percent LBM. Our previous study also reported a positive association between high MST levels and high appendicular lean mass in patients with obesity (12). This suggests that the increase in MST levels observed in the middle and high groups may be attributable to an inhibitory response of muscle synthesis heightened skeletal muscle mass relative to body weight. Changes in body composition, particularly percent LBM, may have greater impact on MST dynamics in individuals with obesity than physical exercise.

In contrast, serum FST levels decreased significantly only in the middle group after the weight loss program. The FST level is known to increase with exercise, which contributes to its beneficial effects. FST is secreted by the liver and has been recognized for its potential therapeutic effects in fatty liver disease. It can help improve liver function and reduce liver fat accumulation, enhancing compensation in fatty liver conditions (11, 23, 28). We reported higher serum FST levels in patients with severe obesity than in those with obesity defined as a body mass index <35 kg/m2 (14). Other studies have also reported elevated FST levels in individuals with obesity compared with healthy individuals (29). Since the low group in this study did not demonstrate any changes in body composition or physical activity, it is expected that fatty liver and hepatic insulin resistance due to obesity did not improve. Thus, serum FST levels in the low group was unlikely to exhibit any significant difference after the weight loss program. Serum FST levels in the middle group exhibited a positive correlation with body fat and improved liver function while also showing a significant increase in physical activity and exercise tolerance. The details of the mechanism are unclear; however, it is possible that the compensatory increase in FST levels was reduced by improvements in fatty liver and increased physical activity associated with weight loss. Our results for the middle group are consistent with those of previous studies that demonstrated decrease in FST levels with weight loss and reduction in FST being associated with changes in body fat (30). However, the serum FST levels in the high group were not significantly different after the weight loss program. The high group experienced a significant weight loss (>10%), and the decreasing FST, like the trend shown in the middle group, may have reappeared due to other causes. The high group exhibited a more strongly optimized body composition and liver function than the low and middle groups and had increased physical activity and exercise tolerance. In addition, the multivariate analysis showed that an increase in FST levels in the high group was associated with sedentary time during the weight loss program. Long periods of sitting are likely to have an impact on exerkine kinetics since muscle activity during sedentary behavior is lower than during standing and walking (31). Though the IPAQ used in this study may have low reliability in assessing walking and overall physical activity levels, and may not be able to assess detailed activities within 10 min, the assessment of sitting time has been reported to be moderately reliable (32). When weight reduction is successful and the weight loss rate is high, even low-intensity and brief muscle stimulation that is not reflected in the physical activity questionnaire may have a positive effect on serum FST levels. These findings suggest that the compensatory increase in FST levels in patients with obesity may decrease with weight loss and that further improvement in body composition and physical activity may lead to the desired increase in FST levels.

The strength of this study was its ability to confirm the variability in serum MST and FST levels at various weight loss rates. Earlier studies reported either no change, or a decrease in MST levels and an increase in FST levels with exercise therapy (24–27, 33). In contrast, our findings indicate an overall increase in MST levels before and after the weight loss program. Since this weight loss program was a combination of exercise and diet therapy, it is difficult to attribute these findings solely to the effects of exercise or physical activity on exerkines. It is more likely that the effects of exercise and physical activity are modified by concurrent changes in body composition. An important finding of this study is that physical activity, particularly changes in exercise tolerance, has a direct effect on MST and FST dynamics under conditions where there are no changes in body composition. However, it is challenging to explain the variations in MST and FST solely based on physical activity because of feedback regulation resulting from changes in body fat and skeletal muscle when the weight loss is ≥ 3%. MST and FST are exerkines that regulate skeletal muscle mass, and it has been suggested that they orchestrate changes in body composition, metabolism, and physical activity. Although there are numerous challenges in understanding skeletal muscle anabolism and catabolism based on the dynamics of MST and FST during weight loss, these exerkines may serve as potential early indicators for promoting optimal weight loss.

This study had several limitations. First, patients were retrospectively classified into three groups according to weight loss rate, and changes in serum MST and FST levels due to stepwise weight loss within the same patients could not be evaluated. Previous studies have reported the effects of rate of weight loss on skeletal muscle mass and MST (30). Therefore, longitudinal observations of the changes in MST and FST secretions associated with the changes in body weight are required in future research. Second, this study evaluated MST and FST using serum samples, and the detailed mechanisms remain unknown because the serum is a mixture of secretions from various organs in addition to skeletal muscle. However, longitudinal studies of human muscle tissue are ethically challenging. Hence, it is important to elucidate variations in myokines involved in skeletal muscle regulation in response to changes induced by serum. Third, we could not exclude sex-related differences. Previous studies have reported sex differences in MST and FST (34), indicating the importance of increasing the sample size and conducting separate analyses for men and women in future studies. Fourth, the study did not include a control group owing to ethical concerns regarding not implementing a weight loss program for these patients with obesity. Although there was no statically significant difference in baseline value between the three groups, a range of values was observed. This could be due to the complex influence of contextual factors, including the duration of obesity, treatment experience, education, and personality. Finally, detailed assessments of dietary intake such as protein intake were not performed. Nevertheless, no significant differences in energy intake were observed among the three groups, suggesting that the extent of weight loss was predominantly influenced by physical activity and exercise.

In conclusion, serum MST levels in patients with obesity significantly increased before and after the weight loss program, regardless of the rate of weight loss. However, serum FST levels significantly decreased only when the weight loss rate was between 3–10%. These changes in myokines may have different implications for the different rates of weight loss. Specifically, in situations in which the body composition of individuals with obesity remains unchanged, this may reflect the influence of physical activity and exercise. However, when changes in body composition are accompanied by weight loss, feedback regulation resulting from alterations in body fat mass, skeletal muscle mass, and metabolism may also play a role in addition to physical activity, suggesting a potential impact on these secretion dynamics.
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Fatty infiltration denotes the anomalous accrual of adipocytes in non-adipose tissue, thereby generating toxic substances with the capacity to impede the ordinary physiological functions of various organs. With aging, the musculoskeletal system undergoes pronounced degenerative alterations, prompting heightened scrutiny regarding the contributory role of fatty infiltration in its pathophysiology. Several studies have demonstrated that fatty infiltration affects the normal metabolism of the musculoskeletal system, leading to substantial tissue damage. Nevertheless, a definitive and universally accepted generalization concerning the comprehensive effects of fatty infiltration on the musculoskeletal system remains elusive. As a result, this review summarizes the characteristics of different types of adipose tissue, the pathological mechanisms associated with fatty infiltration in bone, muscle, and the entirety of the musculoskeletal system, examines relevant clinical diseases, and explores potential therapeutic modalities. This review is intended to give researchers a better understanding of fatty infiltration and to contribute new ideas to the prevention and treatment of clinical musculoskeletal diseases.
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1 Introduction

Musculoskeletal degenerative diseases such as osteoporosis, sarcopenia, and osteosarcopenia are becoming more common as society ages, and the damage to the system not only affects patients’ quality of life but also imposes a serious socioeconomic burden (1). The musculoskeletal system is a motion regulation system made up of bones, muscles, ligaments, tendons, and articular cartilage that is in charge of maintaining normal body activities as well as certain endocrine and immune functions (2). The skeleton and muscle, as the main structures of the system, all belong to mesodermal cells, both are mechanically reactive tissues whose mass and strength show significant degenerative changes with aging or other pathological factors causing abnormal accumulation of adipocytes. The ascending and descending correspondence between adipose, bone, and muscle is the starting point for our study of fatty infiltration in the musculoskeletal system.

Fatty infiltration is characterized by an abnormal accumulation of adipocytes in non-adipose tissue, where lipid overload produces lipotoxic factors, such as fatty acids and adipokines, resulting in cellular activity, metabolism, and functional abnormalities within musculoskeletal tissues. To explore the mechanisms related to fatty infiltration, starting with the introduction of adipose tissue, this review investigates the effects of fatty infiltration on bone and muscle and finds common causes of this pathological change. Then, from the perspective of the correlation between common clinical musculoskeletal degenerative diseases and fatty infiltration, we will discuss potential future treatments. It is hoped that this will increase public awareness of fatty infiltration of the musculoskeletal system, as well as enrich and improve clinical treatment of degenerative diseases of the musculoskeletal system.




2 Adipose tissue

From 1980 until today, adipose tissue, in addition to serving as a structural support for tissues and an inert depot for triacylglycerol storage, has evolved into a dynamic, metabolically active endocrine organ involved in a wide range of biological functions, including glucose and energy homeostasis, immunity, thermogenesis, and insulin resistance (3).

Adipose tissue is categorized into two main groups: brown adipose tissue (BAT) and white adipose tissue (WAT), depending on its localization, composition, and function. BAT is composed of multiple smaller lipid droplets distributed in certain anatomical depots in the neck, posterior thorax, shoulders, and abdomen, with high vascularization and high mitochondrial levels (4). Generally, it does not store energy but functions in adaptive thermogenesis, stimulation of energy expenditure, and regulation of body temperature (5). WAT consists of single lipid droplets located in the viscera and subcutis, which are inferior to BAT in terms of vascularization and innervation. WAT can store excess lipids in the form of triacylglycerol (TAG) and release free fatty acid (FFA) when the organism needs it, participate in multiple organ glucose metabolism, regulate insulin sensitivity, and secretes signaling factors to regulate appetite and energy metabolism homeostasis (6). Interestingly, as the research progressed, a unique type of adipose emerged, although it was not yet well defined. Beige adipose tissue (BeAT) has similar structural features to BAT in that both contain multiple lipid droplets, but its localization is more oriented towards WAT, also called “brown in white” adipocytes. BeAT has the capacity to convert chemical energy into thermogenic energy, which contributes to adaptive thermogenesis and the regulation of energy metabolism (7). Different types of adipose tissue undertake different physiological functions in response to changes in the internal and external environment of the body. When adipose tissue undergoes impaired function and ectopic deposition, it is susceptible to fatty infiltration, resulting in pathologic changes in the organism. In the musculoskeletal system, skeletal muscle fatty infiltration was predominantly BAT, whereas bone marrow fatty infiltration was predominantly bone marrow adipose tissue (MAT, BMAT). And since MAT is located in the specific region of the bone marrow niche, its function and metabolism are also unique from other adipose tissues. (Table 1).

Table 1 | The source, structure, localization, and function of WAT, BAT, BeAT, and MAT.
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3 Fatty infiltration

Fatty infiltration, an abnormal accumulation of adipocytes in non-adipose tissue, is a process that produces toxicity that has been shown to be involved in a variety of pathological changes, including insulin resistance, renal anemia, heart failure, sarcopenia and osteoporosis (8). Excess dietary lipid supply is often thought to be a major factor in ectopic lipid deposition, but for people on a normal diet, the mismatch between the lipid storage and lipolysis functions of adipose tissue is the key to “fat spillover” (9). When hydrolysis of TAG in tissues exceeds esterification of FFA, a net release of FFA results, which in turn leads to ectopic storage of triglycerides and a cytotoxic reaction (10). Of which, the toxic effects of palmitic acid (PA) and stearic acid in FFA are particularly notable, and most studies in this field also use PA as a lipotoxicity-inducing condition.

In fact, adipose tissue has its own defense mechanism against lipotoxicity, that is, adipose mesenchymal stem cells express differentiation-dependent proteins that bind fatty acids and esterify FFA to neutral triglycerides, thus reducing the toxic response produced by adipocytes (11), but this process can also cause damage to the stem cells themselves, so the defense against lipotoxicity can only be met when the stem cells are in a highly active, metabolic, and value-added state. In other words, stem cells need to be “young and strong.” However, with aging and other pathological factors, the decreased esterification capacity of stem cells leads to the uncontrolled release of adipokines and FFA, a process that not only affects normal metabolism within local tissues, but can also affect the function of neighboring tissues through inter-tissue networks, and even entire systems.

Before proceeding to specific studies of fatty infiltration in the musculoskeletal system, we have to give a preliminary overview of the pathological environment that predisposes to fatty infiltration. First of all, aging, whether it is bone, muscle, or fat, occurs with age-related changes. Aging is a large environment that brings pathological changes not only to the adipocytes themselves, but also to multiple changes such as inflammation, immune decline, and organ hypoplasia, which drive the onset of fatty infiltration in both direct and indirect ways (12). The second is obesity and inflammation, which people tend to equate with increased adiposity. Adipocytes in such individuals undergo hypertrophy, hyperplasia, and activation, leading to the accumulation of pro-inflammatory macrophages and other immune cells, as well as the dysregulated expression of various adipokines (13). In general, the occurrence of fatty infiltration is complex, sometimes the pathological changes it causes are equally responsible for its pathogenesis, often forming a vicious circle.




4 Effects of fatty infiltration on bone tissue



4.1 Specificity of MAT

MAT originates from progenitors expressing osterix (Sp7) and consists of unilocular lipid droplets, which account for more than 10% of total body fat (14). Unlike osteoblasts and osteoclasts that use glucose metabolism for energy acquisition, MAT relies on FFA released from intracellular lipolysis for oxidative metabolism (15). According to the location of the adipose in the bone marrow, it can be further classified into regulated and constitutive MAT. Regulatory MAT, located in the proximal skeleton, shows active hematopoiesis and bone remodeling, as well as more vulnerability to aging and disease factors. In contrast, the amount of constitutive MAT located in the yellow marrow of the distal skeleton is much more stable and has almost no hematopoietic function (16).

MAT is in contact with hematopoietic cells and bone tissue in the bone marrow niche and is an endocrine-active dynamic fat depot capable of releasing substances such as adipokines, fatty acids, and peptides in paracrine and endocrine forms in response to metabolic demands (17). It has positive effects such as enhancing cortical bone load-bearing capacity, protecting the body from falls and fractures in accidental situations, regulating hematopoiesis, and bone homeostasis, but these beneficial effects will decay due to factors such as aging, anorexia nervosa, and diabetes (18), and sometimes even transform into toxic effects due to excessive proliferation and expansion. Compared to extramedullary fat, MAT is distinctly different in adipogenesis, lipolysis, insulin signaling, inflammation, glucose transporters, and other aspects of immunometabolism (19). However, the specific up-and-down-regulation relationships under different pathologic conditions need further study.

In addition, studies found that when BAT- and WAT-specific gene relative expression analysis was performed on rat tibial bone marrow adipose tissue, MAT was not clearly defined by brown or white adipose tissue, but it was able to express its genes at BAT and WAT specific levels, with a preference for BeAT (20). MAT provides energy support for hematopoiesis and bone metabolism and promotes bone formation when BAT is the characteristic function, while fatty acids, adipokines, and proinflammatory cytokines are mainly secreted when WAT is the characteristic function (6). Therefore, scholars have proposed that the occurrence of intramedullary lipotoxicity may be related to the decreased BAT capacity of MAT and the increased WAT capacity, while both BAT and WAT can regulate energy homeostasis in response to the overall metabolism of the body, and can be transformed into each other under certain conditions. So, it may be a potential way to improve fatty infiltration by regulating the transformation between BAT and WAT. In animal studies, browning of subcutaneous fat has been demonstrated to be induced by exercise in mice, but clinical studies have not been able to reproduce it (21).

In general, the local effects of MAT are mainly in the regulation of bone homeostasis and hematopoiesis, whereas the systemic effects are in immunometabolism. The occurrence of bone marrow fatty infiltration is not only related to localized lesions, but is also influenced by systemic factors.




4.2 Marrow fatty infiltration and bone loss

The typical evidence of bone loss in structure is decreased number of bone trabeculae, thinning of the bone cortex, and large infiltration of adipocytes in the bone marrow cavity. With aging and other pathologic factors such as microgravity in spaceflight (22) and prolonged disuse in bedrest (23), the amount of MAT increases and gradually shifts from compensation to derepression, exhibiting more anti-osteogenesis, pro-adipogenic, and pro-apoptotic phenotypes (24). Early on, the increase in MAT is considered more as a supplement to the amount of bone lost in the marrow, but in fact, the numbers of increased adipocytes far exceed the original amount of lost bone, which means that these increased adipocytes have undergone some functional transformation in bone formation.

Marrow fatty infiltration has been observed in mouse genetic models that impair the mechanical loading induced new bone formation. For instance, Pkd1 and/or Wwtr1 deficiency in bone enhances bone marrow fat accumulation and impairs mechanical stimulation induced new bone formation in vivo (25, 26). In addition, MAT has powerful endocrine functions that affect postnatal bone homeostasis. It has been found that adipocyte-derived factors can influence the development of key effectors of bone remodeling in a direct or indirect way, thus affecting bone mass and skeletal integrity (18). For example, the release of adipokines and pro-inflammatory factors, such as interleukin 6 (IL-6) and tumor necrosis factor-α (TNF-α), caused by increased MAT expansion is capable of inducing a shift in bone marrow mesenchymal stem cells (BMSCs) from osteogenesis to adipogenesis differentiation (27). The Pa-induced lipotoxic environment also leads to apoptosis and autophagy in BMSCs (28). Disruption of the balance between bone formation and bone resorption by MAT-secreted C1q/tumor necrosis factor (TNF)-related protein-3 (CTRP3), by inhibiting osteoblast-mediated osteoclast differentiation (29). Indeed, endocrine functions of marrow fatty infiltration will impair or deteriorate the original active function of the pre-existing bone marrow microenvironment, leading to abnormal intramedullary bone tissue homeostasis and metabolism (30, 31).




4.3 Effect of fatty infiltration on the intramedullary osteogenic lineage



4.3.1 Osteoblast

Osteoblasts and adipocytes both originate from BMSCs (32). The imbalance between osteogenesis and adipogenesis in the bone marrow niche is an important factor contributing to fatty infiltration. Wingless-related integration site (Wnt) and PPARγ are important signaling pathways for osteogenesis and adipogenesis, respectively (33). Wnt signaling reduces the expression and activity of PPARγ and CCAAT/C/EBPα in BMSCs, which inhibits adipocyte formation. Similarly, adipogenesis in BMSCs requires activation of PPARγ signaling and inhibition of osteogenic pathways such as Wnt and Notch (18). This is a complex regulatory network and the relevant cytokines that regulate differentiation are shown in the following table. (Table 2).

Table 2 | Cytokines associated with osteogenesis and adipogenesis in the bone marrow niche.
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Osteoblasts show markedly impaired differentiation and function under fatty infiltration. High FFAs levels significantly inhibited osteoblast differentiation in human (44). As a natural ligand for PPARγ, FFAs also induce PPARγ activation in BMSCs, preosteoblasts and osteoblasts, and convert osteoblasts into adipocytes by inhibiting Runx2 activity (45). Duque et al. found that lipotoxicity affects the expression of important osteogenic genes such as ALP, Runx2, OCN, OSX, and BSP2, as well as bone mineralization capacity, with a significant decrease in alkaline phosphatase (ALP) and alizarin red staining (46).

Large amounts of osteoblast apoptosis can be observed in the fatty infiltration environment, a process also known as lipoapoptosis. There are two main pathways for apoptosis to occur: an extrinsic pathway that requires transmembrane death receptor mediation, and an intrinsic apoptosis that is initiated through mitochondrial mediation, while osteoblast lipoapoptosis is mediated by both the extrinsic and intrinsic pathways. Reactive oxygen species (ROS) levels were significantly upregulated when osteoblasts were co-cultured with adipocytes. The ROS-activated ERK/P38 signaling pathway contributes to osteoblast apoptosis, which is significantly ameliorated when the pathway is inhibited (47). Furthermore, the low survival rate of osteoblasts with high apoptotic levels, associated with activation of intrinsic apoptotic caspases 3/7. PA-induced human-derived osteoblasts activate the Fas/Jun kinase (JNK) apoptotic pathway and express Bak and Bax, proteins that permeabilize the mitochondrial outer membrane, prompting mitochondria to release cytochrome C into the cytoplasm to trigger apoptosis, and osteoblasts can be rescued from PA-induced lipoapoptosis when the JNK inhibitor SP600125 is added to the culture medium (48).




4.3.2 Osteoclast

An article on new sources of receptor activator for nuclear factor-κB ligand (RANKL) was published in the journal EMB in 2021, demonstrating by single-cell transcriptome sequencing that adipose lineage cells in mice bone marrow are capable of secreting RANKL (49). Therefore, the increase in MAT will inevitably affect RANKL secretion under fatty infiltration.

The secretion of RANKL in bone tissue is mainly done by osteoblasts, osteocytes, proliferative chondrocytes, B cells, and newly discovered intramedullary adipocytes (50). The nuclear factor kappa-B (NF-κB) pathway involved in RANKL is thought to be a key factor in the regulation of osteoclastogenesis and bone metabolism, in which RANKL binds to nuclear factor-kappaB (RANK) on the membrane surface of osteoclasts to drive osteoclast differentiation, cell survival, migration, and attachment (51). Excessive enhancement of bone resorption results in structural damage manifested by decreased bone mass and increased bone fragility. The adipogenic transcription factors C/EBPβ and C/EBPδ were demonstrated to bind to the RANKL promoter and stimulate the transcriptional expression of RANKL, a process that is accompanied by the downregulation of osteoprotegerin (OPG) which blocks the binding of RANKL and RANK (6). However, the mechanism of excessive RANKL production by adipocytes is not well clarified yet, which still needs further research. Inhibition of excessive RANKL secretion by adipocytes may be an important direction for the treatment of osteoporosis. In addition, low-level inflammation caused by the release of cytokines such as monocyte chemotactic protein-1 (MCP-1), also known as C-C motif chemokine ligand 2 (CCL2), tumor necrosis factor-α-associated apoptosis-inducing ligand (TRAIL), IL-6, and TNF-α under fatty infiltration enhances RANKL-induced NF-κB signaling, leading to an exaggerated response and inflammatory osteolysis (52). For instance, TNF-α is able to directly regulate the RANKL-induced signaling pathway, reduce the production of OPG and increase the concentration of RANKL (53). Even some studies have suggested that the presence of PA is sufficient to induce osteoclast differentiation and promote bone resorption regardless of the presence of RANKL in mice (54). So, whether it is the direct stimulation of osteoclasts or the alteration of the bone marrow niche caused by fatty infiltration, there is a promotion of bone resorption, resulting in a disruption of bone homeostasis.




4.3.3 Osteocytes

Fatty infiltration disrupts the normal secretory function of murine long bone osteocytes, and several cytokines, including RANKL, Dickkopf1 (DKK1), and sclerostin, are affected by lipotoxicity. When PA-induced osteocytes were compared with normal culture groups, the fatty infiltration group showed significantly impaired cell viability, lipoapoptosis, and abnormal expression of RANKL, DKK1, and sclerostin (55). Lipotoxicity stimulates osteocytes to secrete sclerostin to activate FAS, a member of the TNF Superfamily Receptors, triggering osteoblasts and osteocytes apoptosis and inhibiting bone morphogenetic protein-induced osteoblastogenesis (56). Dkk1, a negative regulator of bone formation secreted by osteocytes, affects bone mass by inhibiting the Wnt pathway, which has a key role in osteogenesis and bone homeostasis (57). In addition, apoptosis of osteoblasts itself can stimulate osteoclast aggregation and thus enhance bone resorption, further contributing to bone loss.

Interestingly, PA-induced significant increase in lysosomal vital functional protein microtubule-associated protein light chain 3-II (LC3-II) in osteocytes indicated that lysosomal activity was indeed enhanced, but the co-localization of LC3-II and long terminal repeat (LTR) was found to be low after using the lysosomal tracker LTR (55), which means that the enhanced lysosomal activity did not lead to efficacious autophagy. This is at variance with some of the studies, but it is understandable that either the loss of osteocytes due to enhanced autophagy or the inability to clear impaired cells to the accumulation of malignant metabolites due to impaired autophagy can disrupt internal homeostasis and thus affect normal bone metabolism.

In general, the change in the bone marrow niche is closely linked to the raised level of MAT, and the presence of MAT no longer acts as a filler for bone loss, but can secrete relevant factors to influence the overall bone metabolism. Early adipocytes do have some advantageous functions, but with the superimposed effects of aging and various pathological factors, the negative effects of fatty infiltration will severely damage the bone marrow niche, leading to altered differentiation of BMSCs and damage to the above-mentioned intramedullary osteogenic lineage, ultimately resulting in bone loss. (Figure 1).
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Figure 1 | Fatty infiltration damages the homeostasis of intramedullary osteogenic lineage. (A). Lipotoxicity leads to dysfunction of osteoblast autophagy, enhanced lipoapoptosis, weakened bone mineralization, and impaired expression of osteogenic genes. (B). Increased RANKL secretion by fatty infiltration and inflammation caused by adipokines promote osteoclast proliferation, while downregulating the antagonist OPG levels ultimately enhancing the bone resorption process. (C). Osteocytes have a similar lipotoxic response to osteoblasts. Cytokines such as RANKL, DKK1, and sclerostin secreted by osteocytes as well as their own apoptosis, can indirectly affect the function of osteoblasts and osteoclasts. (D) MAT is closely related to hematopoiesis and vessels, but the effect of fatty infiltration on it needs further study. RANKL, receptor activator for nuclear factor-κB ligand; RANK, nuclear factor-kappaB; OPG, Osteoprotegerin; MCP-1, monocyte chemotactic protein-1; TRAIL, apoptosis-inducing ligand; IL-6, interleukin 6; TNF-α, tumor necrosis factor-α; ALP, alkaline phosphatase; JNK, Fas/Jun kinase; DKK1, Dickkopf1; MAT, bone marrow adipose tissue; ROS, reactive oxygen species.




4.3.4 Other impacts

Bone marrow adipocyte lineage cells are capable of expressing dipeptidyl peptidase 4 (DPP4), a protease associated with diabetes treatment (58), which is negatively correlated with bone mass, but no clear mechanism has been proposed (59). MAT also inhibits B-lymphopoiesis by stimulating the production of myeloid-derived suppressor cells and Granulocyte-macrophage colony stimulating factor (GM-CSF) in mice, after which the decrease in OPG production by B cells disrupts OPG/RANKL-mediated bone homeostasis (60).

In addition, numerous studies have found an important relationship between MAT and hematopoietic or blood vessels in the bone marrow. Shafat (61) and Mattiucci et al. (62) found MAT to actively transfer FFA to hematopoietic stem cells (HSC) as well as to secrete CXCL12 in vitro cultures, which plays an important role in the mobilization and maintenance of quiescence for HSCs. Zhong et al. (63) discovered a type of marrow adipogenic lineage precursor cell in mouse bone marrow capable of differentiating into adipocytes and increasing with aging. This cell type functions to maintain the marrow vasculature system and to prevent BMSCs from differentiate into osteoblasts. When it was selectively removed from mice, sinusoidal vessels were destroyed and the bone trabeculae were increased (64). Some scholars have suggested that the increase in adipocytes has a negative effect on hematopoiesis by disrupting the original cellular components within the bone marrow niche and intercalating within the hematopoietic milieu, which interferes with the connections between HSCs and other cells (31). Nevertheless, there are a limited number of studies addressing the exploration of the mechanisms of fatty infiltration on hematopoiesis and blood vessels, representing a crucial avenue that warrants further investigation in the future.






5 Effect of fatty infiltration on skeletal muscle

Compared with bone tissue, the fatty infiltration of skeletal muscle is more thoroughly studied. Besides a vital organ for exercise, skeletal muscle plays a crucial role in glucose uptake, glycogen storage, lipid oxidation, energy metabolism, and immune function (65). In recent years, it has become increasingly clear that fatty infiltration of skeletal muscle (IMAT, MFI) is an important cause of loss of muscle mass and strength. The increase of adiposity in skeletal muscle not only affects normal muscle metabolism, but also induces a series of pathological changes that cause impairment of skeletal muscle function. Some scholars even suggest that the key indicator for predicting skeletal muscle strength and mobility in the elderly is the degree of skeletal muscle fatty infiltration rather than skeletal muscle mass (66).

Myofibers can be broadly classified as slow- and fast-twitch myofibers, which are often referred to as type I and type II fibers. Type I fibers are typically densely populated with mitochondria and have a high oxidative capacity to support the energy demands of endurance exercise, while type II fibers typically have fewer mitochondria and higher levels of glycolysis for fast bioenergetic metabolism and explosive endurance exercise (67). Myofibers can be further classified into subtypes based on myosin adenosine triphosphatase expression and oxidative metabolism, which have different functional and metabolic properties (68). There are two main forms of fatty infiltration in skeletal muscle, one is intramuscular fat accumulation, which is associated with reduced insulin sensitivity, inflammatory response of the body and impairment of skeletal muscle function. Many skeletal muscle resident cells in the injured status are able to differentiate into intramuscular fat, such as muscle satellite cells (MuSCs), fibro/adipogenic progenitor cells (FAPs), pericytes, myoendothelial cells, fibroblasts, and mesoangioblasts (69); Second is intermuscular fat accumulation, which is associated with impaired function of stem cell populations such as mesenchymal stem cells and FAPs (70). Normally, muscle fat occupies more muscle tissue with aging is a sign of age-dependent muscle tissue damage. However, excess FFA and metabolic intermediates such as diacylglycerol (DAG), long-chain acyl-CoenzymeA, and ceramide produced during lipid metabolism can exacerbate mitochondrial dysfunction, induce insulin resistance and inflammation in skeletal muscle, ultimately affecting fiber homeostasis as well as skeletal muscle generation, apoptosis, and damage repair (65). Interestingly, the researchers also found that the unique structural and functional characteristics of type II fibers make it much more vulnerable to fatty infiltration than type I fibers (71). In the following, we will discuss the skeletal muscle pathological changes caused by fatty infiltration and the specific functional impairment of the muscle fibers.



5.1 Pathological changes of fatty infiltration in skeletal muscle



5.1.1 Impaired mitochondrial function

FA accumulated around mitochondria is susceptible to ROS-induced lipid peroxidation and these lipid peroxides may have toxicity effects on mitochondrial mtDNA, RNA, and proteins, leading to mitochondrial dysfunction (72).

ROS-induced endoplasmic reticulum stress is an important cause of skeletal muscle damage. Palmitate treatment in cultured human myotubes induces ER stress markers and decreases cell viability in an in vitro study (73). In contrast, oleate treatment (74) or PPARβ/δ activation (75) inhibits ER stress that could ameliorate PA-induced lipotoxicity. Firstly, endoplasmic reticulum stress induces lipolysis and exacerbates fatty infiltration by activating cyclic adenosine monophosphate/protein kinase A (cAMP/PKA) and extracellular signal-related kinase 1 and 2 (ERK1/2) signaling in adipocytes (76). Secondly, the endoplasmic reticulum is unable to provide sufficient protein due to its own impaired function, resulting in a reduced source of myogenesis, and the abnormal modified protein produced during the impairment activates both Caspase3 and fibrillar apoptosis. Thirdly, additional studies have demonstrated that PA-induced endoplasmic reticulum stress will also increase endoplasmic reticulum Ca2+ depletion, leading to further skeletal muscle damage from abnormal sphingolipid metabolism and palmitoylation of proteins. In addition, excessive accumulation of ROS in myblast cells activates the NF-κB pathway, leading to an increase in S100B, which induces myoblast transition into brown adipocytes, and negatively regulates miR-133, which has promyogenic and anti-adipogenic effects, through the NF-κB/YY1/miR-133 axis, accompanied by an increase in the brown adipogenic transcription regulator, PRDM-16 (77).

Interestingly, we found that type II fibers in skeletal muscle have stronger oxidative stress. The mitochondrial H2O2 produced/O2 consumed is 2 to 3 times higher in type IIB than normal for basal respiration supported by complex I or complex II substrates. The potential enhanced mitochondrial ROS production capacity of type II fibers (78), coupled with their own special superoxide topology that limits rapid dismutation of O2−•, renders type II fibers more susceptible to oxidative stress than type I fibers (71). This is an important reason for the high sensitivity of tissues to ROS and the poor resistance to lipid stress.




5.1.2 Inflammation

Adipocytes have the function of secreting a variety of cytokines, including pro-inflammatory factors, chemokines, and coagulation factors. Impaired adipose triglyceride lipase (ATGL) and PPARα-mediated lipid signaling pathways were found in skeletal muscle adipocytes in mice with sarcopenia, which resulted in upregulation of pro-inflammatory cytokines such as TNF-α and IL-6 (79). Low-level inflammation caused by fatty infiltration affects redox homeostasis, induces differentiation of adipose mesenchymal stem cells into macrophages and promotes further expression of inflammatory cytokines such as IL-6, TNF-α, IL-1β and MCP-1 (80). Synergy between macrophages and fatty acids also leads to skeletal muscle insulin function impairment (81). The release of certain cytokines enhances the signaling cascade and activates the NF-κB pathway, a pathway whose prolonged activation leads to severe muscle atrophy (82), and reduced insulin sensitivity affecting muscle protein synthesis (83). In addition, TNF-α acts as a strong promoter of TAG hydrolysis in adipocytes, inhibiting the antilipolytic effects of insulin and adenosine by inhibiting insulin receptor signaling and G protein-coupled adenosine receptors signaling, or interacting with the lipid-binding protein perilipin to directly stimulate lipolysis and exacerbate fatty infiltration (65). Impaired activation at the type II neuromuscular junction, excitation-contraction uncoupling, and disruption of the muscle fiber cross-bridge cycle can be observed under inflammation. Fatty infiltration contributes to inflammation, which in turn stimulates the continued accumulation of adipocytes, both of which persist in a vicious cycle and ultimately cause damage to skeletal muscle structure and function.




5.1.3 Insulin resistance

Fatty infiltration, pro-inflammation, oxidative stress, and the accumulation of toxic lipids ceramide and diacylglycerol can induce insulin resistance. While insulin resistance inhibits insulin-mediated antilipolytic capacity, increased plasma levels of FFA provide the precursor conditions for fatty infiltration (76). The release of chemokines such as adipose tissue-activated pattern recognition receptor (PPR) and MCP-1 that recruit macrophages and thus produce pro-inflammatory effects also induces insulin resistance. Insulin sensitivity is strongly negatively correlated with fatty acyl-CoA (FA-CoA) content, and increased FA-CoA due to insulin resistance exacerbates mitochondrial dysfunction via interfering with mitochondrial adenosine triphosphate synthesis through inhibition of the electron transport chain and reduction of the inner mitochondrial membrane potential (84). Increased ROS and local inflammation due to mitochondrial dysfunction leads to activation of JNK, IκB kinase (IKK), protein kinase C (PKC), and p38-mitogen-activated protein kinase (p38-MAPK) stress signaling pathways that inhibit the insulin PI3K/mTOR signaling pathway (85). In addition, the accumulation of lipid metabolites ceramide and diglycerides in skeletal muscle impairs muscle glucose uptake inducing insulin resistance through Phosphoinositide 3-kinase (PI3K) and Insulin Receptor Substrate-1 (IRS-1) signaling by activating protein kinase C (PKCs).

Insulin resistance affects glucose and amino acid transport through the PI3K/Akt/mTOR signaling pathway. PI3K promotes phosphorylation of the protein kinase AKT, and phosphorylated AKT activates TBC1D4 and TBC1D1 to enhance glucose uptake and mediate mTOR activation to affect protein synthesis. Meanwhile, AKT inhibition of Forkhead box O (FOXO) transcription factors activity affects E3 ubiquitin ligase expression, which is responsible for regulating muscular atrophy, and thereby interfers muscle function (82). It was also found that WNT/GSK/β-catenin, a key pathway regulating adipogenesis in FAPs, is stimulated by insulin signaling, and when GSK3 is pharmacologically blocked, it stabilizes β-catenin and inhibits PPARγ expression, thereby blocking adipogenesis in FAPs and limiting steatosis in vivo (86). In addition, ceramide and other sphingolipids can promote TNF-α and Caspace3/7-mediated apoptosis (87). In general, fatty infiltration-induced insulin resistance can impair skeletal muscle function in several ways.





5.2 Damage to skeletal muscle fibers



5.2.1 Disruption of extracellular matrix remodeling

In the fatty infiltration environment, impaired muscle fiber integrity, excitation-contraction uncoupling, and an imbalance of calcium homeostasis can be observed due to disruption of extracellular matrix remodeling (ECM), thus leading to skeletal muscle dysfunction and atrophy.

Excess FFA caused by fatty infiltration can disrupt myogenic differentiation and myotube formation via the AMPKα/HDAC4/miR-206 pathway in mice (88). Lipotoxicity can also induce the transformation of calcium cyclin isoforms on sarcoplasmic fibers, and excess lipids induce changes in phospholipid composition that affect Sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) activity and thus lead to impaired sarcoplasmic reticulum function. In addition, extracellular matrix remodeling and collagen deposition are triggered by lipotoxicity. Extracellular matrix is associated with high fat dietary intake and has an important role in skeletal muscle development, motor endplate function, and glucose metabolism (89), while increased collagen content in skeletal muscle increases the risk of insulin resistance (90). The two pathological changes impair the function of the sarcoplasmic reticulum and also affect the structural integrity of the sarcomeres, fibers, and neuromuscular junctions (71).

Fatty infiltration also affects the damage repair process of muscle fibers, especially MuSCs. Fatty infiltration leads to atrophy and a decrease in the number of MuSCs in type II fibers, suggesting that the stressful environment generated by fatty infiltration can limit the activation, proliferation, and differentiation of MuSCs, thereby diminishing their repair capacity. PAX7, an important marker gene of MuSCs, regulates the myogenic differentiation genes Myod and Myf5, while Myf5 and MyoD are the first two genes expressed in the gene family of the myogenic regulatory factors MRFs. The lack of both Myod and Myf5 results in a complete failure of muscle growth to initiate (91). Another study found that fatty infiltration induced differentiation of mesenchymal stem cells into macrophages, and Interferon-gamma (IFN-γ) secreted by macrophages also had important effects on skeletal muscle damage repair. INF-γ is required in acute muscle injury but is detrimental in chronic injury such as fatty infiltration (92). Increased INF-γ inhibits skeletal muscle damage repair in mice mediated by ERK1/2 and MAPK38 pathways. Moreover, under persistent inflammation, INF-γ impairs the regenerative process by suppressing myogenin expression, but this process can be neutralized by regulatory T cells, providing a potential direction for later therapy (93). In addition, FAPs also affect MuSCs and thus interfere with skeletal muscle damage repair. FAPs help maintain homeostasis within skeletal muscle and assists MuSCs in resolving limited damage in healthy muscle. However, changes in FAPs differentiation tendencies due to the disruption of niche cues can disrupt this balance (94). FAPs themselves have an important role in the development of fatty infiltration which may be the main resident muscle stem cell population involved in the development of ectopic obesity in human skeletal muscle. In a mouse regeneration model, only progenitor cells expressing the cell surface receptor platelet-derived growth factor receptor alpha (PDGFRα) were able to differentiate into adipocytes after glycerol-induced muscle injury, while in the muscle injury state, PDGFRα was expressed only by FAPs, demonstrating the strong lipogenic capacity of FAPs in vivo (95). Paracrine factors and soluble molecules secreted by FAPs can regulate the fate of MuSCs. A mouse study found that loss of FAPs-derived WNT1 Induced Signaling Pathway Protein 1 (WISP1) during aging affects the expansion and asymmetric commitment of MuSCs through the Akt signaling pathway (96). Alessio et al. found that inhibition of the key WNT/GSK/β-catenin pathway of FAPs adipogenesis in mice skeletal muscle using an inhibitor was effective in stimulating the differentiation of MuSCs into mature myotubes, thereby improving the pro-myogenic effects of FAPs (97). With a shift of FAPs more towards lipogenesis, the depletion of FAPs can’t maintain muscle mass and support MuSCs proliferation and differentiation during muscle regeneration (98).




5.2.2 Cellular signaling networks involved in skeletal muscle fatty infiltration

Fatty infiltration affects intercellular signaling pathways within skeletal muscle regulating myofiber growth and death. Muscle mass is determined by the balance between protein synthesis and degradation. Skeletal muscle proteolysis is mainly mediated by the ubiquitin-proteasome system (UPS) and the autophagy-lysosomal pathway (ALP) under pathological conditions. Muscle atrophy F-box and MuRF1 are two muscle-specific E3 ubiquitin ligases in UPS system, which are specifically expressed and target specific protein substrates for degradation (99). FOXOs activate both UPS and ALP to ensure that the loss of different cellular components during muscle atrophy is coordinated. Of which, FOXO3 is a key regulator of autophagy as well as controls the expression of other autophagy-related genes (100). Protein synthesis is mainly regulated by the Insulin-like growth factor-1 (IGF-1)/PI3K/Akt/mTOR signaling axis (101). mTOR is an essential factor mediating skeletal muscle growth, the activation of which inhibits UPS and ALP. Nutrients, mechanical and neural signals activate mTOR, while inflammatory cytokines and unfolded proteins inhibit mTOR activity (102). Insulin/IGF-1, which are upstream of mTOR, indirectly regulate muscle growth. Under fatty infiltration, many key inflammatory mediators are involved in skeletal muscle atrophy. High levels of lipid metabolites such as TNF-α, IL-6 and IGF-1 activate MuRF-1 and MAFBx/Atrogin-1, key transcription factors of muscle atrophy, through the IGF/Akt-1 pathway. In additional, TNF-α regulates apoptosis by inhibiting the Akt/mTOR pathway (103). Its lead to prolonged activation of the NF-κB pathway can also lead to severe muscle atrophy.

Additional pathways involved in fatty infiltration are AMP-activated protein kinases (AMPKs), mitogen-activated protein kinases (MAPKs) and histone deacetylases (HDACs), etc. AMPK is a positive regulator involved in glucose transport, mitochondrial function, and fatty acid oxidation, as well as a negative regulator of inflammation, oxidative stress, ceramide and DAG production, and mTOR-related pathways. MAPKs are serine/threonine-protein kinases, and recent studies have demonstrated that the MAPKs family has a central role in the regulation of adipose tissue function. ERK1/2, JNKs, and p38s, which are involved in endoplasmic reticulum stress and insulin resistance mentioned above, are all important members of this family (104). Moreover, HDACs mediated FOXO nuclear localization and activation and enhanced FOXO activity and function through deacetylation, while HDACs regulated the expression of the Atrogin-1 (105). Fatty infiltration involves the activation of multiple signaling pathways within skeletal muscle, affecting skeletal muscle growth, lipolysis, and regulating the expression of genes associated with skeletal muscle atrophy.

Lipotoxicity impairs mitochondrial function, increases ROS release, persistent low level chronic inflammation and insulin resistance will disrupt fibrin homeostasis and affect skeletal muscle generation, apoptosis and damage repair, and these major functional lesions will in turn further stimulate lipid accumulation, creating a vicious cycle. The structural and functional specificity of type II fibers is such that they differ markedly from type I fibers in their level of response to fatty infiltration (Figure 2).

[image: Adipocyte differentiation from BMSCs/FAPs is influenced by factors such as aging, obesity, inflammation, and glucocorticoids, leading to fatty infiltration. Consequences include altered cell differentiation, bone loss, and muscle atrophy, depicted with arrows and icons.]
Figure 2 | Fatty infiltration damage to skeletal muscle structure and function. Damage to skeletal muscle by fatty infiltration is mainly caused by three pathological alterations through insulin resistance, inflammation, and mitochondrial damage. These pathological states have malignant effects on fibrin-homeostasis, myogenesis, and damage repair functions through complex signaling pathways. To a certain extent, pathological alterations due to fatty infiltration will in turn stimulate further fatty infiltration, forming a vicious circle.






6 Extrinsic factors causing fatty infiltration

Bone and muscle are mechanically stressed tissues derived from mesodermal cells that show significant degenerative changes in mass and strength with age (70). Their damage and degeneration are reciprocal, not alone, and are influenced by the interaction of mechanical stress stimuli and endocrine networks. In turn, fat is an important player in this “crosstalk” (106) (Figure 3).

[image: Diagram illustrating the effects of lipotoxicity, represented by insulin resistance and pro-inflammatory responses, leading to reactive oxygen species (ROS) production. The image shows muscle fibers with pathological changes such as protein composition changes, redox imbalance, collagen deposition, myofibrillar apoptosis, reduced muscle production, fiber injury repair damage, and extracellular matrix remodeling. Arrows and symbols highlight the processes and effects within muscle tissue.]
Figure 3 | Factors affecting the fatty infiltration of the musculoskeletal system. Aging, insulin resistance, oxidative stress, and inflammation are important factors that exacerbate fatty infiltration. 1. Mesenchymal stem cells have the ability to differentiate into osteoblasts, myoblasts and adipocytes. Fatty infiltration impairs osteogenic and myogenic differentiation of stem cells. At the same time, lipotoxicity promotes the shift of stem cells from osteogenesis and myogenesis to lipogenesis, ultimately leading to an overall disruption of musculoskeletal metabolism. 2. The complex network of interactions between muscle and bone makes it possible for damage to one side to often lead to simultaneous damage to the other, eventually leading to structural damage to the musculoskeleton.



6.1 Aging

Aging is a topic that cannot be avoided when discussing fatty infiltration and the musculoskeletal system, and excessive accumulation of adipose in non-adipose tissues such as the musculoskeletal is regarded as a feature of aging. First, aging causes a decrease in the ability of adipose mesenchymal stem cells to mitigate their own lipotoxicity, and induces a shift in stem cell differentiation from osteogenic and myogenic to lipogenic, which directly affects musculoskeletal metabolism. Second, aging changes the secretion level of other cytokines to indirectly induce the formation of fatty infiltration.

Both hypertrophic and hyperplasia forms of adipocyte pathological alterations, can be observed in senescent tissue. Morphological changes in senescent adipose tissue impair metabolic activity leading to insulin resistance, inflammation, and energy expenditure reduction (12). Although cell enlargement allows adipose tissue to store more lipids, thus mitigating to some extent the effects of lipotoxicity in other organs, the decrease in surface-to-volume ratio due to hypertrophy results in a decrease in the efficiency of cell signaling and nutrient transport (107). Simultaneously, the internal environment of adipose tissue undergoes significant changes, such as reduction of mitochondria, enlargement of lipid droplets, and infiltration of inflammatory factors and immune cells, which will lead to pathological changes, like insulin resistance and inflammation (108).

Bone and muscle both show age-related degeneration. Studies have demonstrated that bone loss with aging is exacerbated by the downregulation of osteogenic genes such as Runx2 and OCN and the upregulation of PPAR-γ and adipocyte fatty acid-binding protein (aP2), also known as Fatty Acid Binding Protein 4 (FABP4). Similarly, genes related to skeletal muscle cell differentiation, tissue fibrosis, angiogenesis, and mitochondrial lipid regulation are also downregulated with aging (109). In addition, aging leads to changes in hormone levels, insulin resistance, inflammation and other pathological factors that can also affect musculoskeletal metabolism. The silent information regulator sirtuin 1 (SirT1) is expressed in musculoskeletons and decreases with aging (110), SirT1 deficiency increases adipocyte and osteoclast formation, enhances inflammatory responses, and affects musculoskeletal metabolism via NF-κB and PPAR-γ pathways (111). Estrogen, a key regulator of lipid metabolism, also declines with age, and studies have shown that postmenopausal women lacking estrogen stimulation are more likely to suffer from osteoporosis (112). Beekman et al. found that OVX not only increased RANKL production in MAT but also induced the expansion of MAT volume in C3H/HeJ mice (113). Estrogen also reduces muscle injury caused by inflammation, inhibits energy dissipation to maintain efficient mitochondrial energy production and stimulates the activation and proliferation of satellite cells through the estrogen receptor ERα/β to promote muscle damage repair (114). Moreover, mechanical unloading, glucocorticoid use, FOXO, IGF-1, and mTOR also change with aging and affect fatty infiltration (115).




6.2 Obesity and inflammation

From the earliest single osteoporosis, to co-morbid osteosarcopenia, and nowadays osteosarcopenia obesity, growing evidence suggests a shared mechanism between excessive adiposity and decreased bone mass and skeletal muscle mass (116). Obesity has a positive effect on bone density in terms of mechanical loading, but this is not sufficient. Metabolic changes can obliterate the positive effects of stress stimulation. As stem cells age, or under the influence of obesity and low-level inflammation, the infiltration of adipocytes into muscle and bone becomes evident, leading to the replacement of muscle and bone cells by adipocytes. As for the skeletal muscle, excessive obesity and coexisting low skeletal muscle mass and/or function have been defined as sarcopenic obesity, a clinically common disease (117).

Patients with obesity exhibit significant metabolic abnormalities: including up-regulation of estrogen, leptin, resistin, TNF-α and IL-6 levels and down-regulation of adiponectin levels (118). Alterations in these hormones and cytokines have important effects on the musculoskeletal system. For example, TNF-α and IL-6 have been demonstrated to affect musculoskeletal metabolism by disrupting osteoblast-osteoclast homeostasis, inhibiting myogenic cell differentiation and proliferation, and accelerating skeletal muscle degradation (106). The effects of chronic inflammation on the musculoskeletal system are summarized as follows (Table 3). Interestingly, it was found that although the increase in intramyocellular lipid led to abnormal metabolism of muscle fibers, no significant difference in peak active tension or passive viscoelasticity was observed between the metabolically abnormal group and healthy controls in mice and people, meaning that the IMCL parameter did not have a significant relationship with biophysical variables (126). Certainly, this needs to be explored and validated by subsequent studies over time. Moreover, in the study by Xabier (127), it was found that adipocytes secreted WNT-5A, lipocalin-2 (LCN-2), tenascin C (TNC), calprotectin, and interleukin-32 (IL-32), which also play a key role in inflammation. Obesity and its induced inflammation can induce the development of fatty infiltration, while adipokines secreted by fatty infiltration can exacerbate systemic low-level inflammation, forming a vicious cycle that exacerbates the pathological tendency of BMSCs toward adipogenesis.

Table 3 | The role of inflammatory factors under the musculoskeletal system.


[image: Table detailing various adipokines, their functions, sources, and references. Adipokines include TNF-α, IL-6, FGF-21, Resistin, IL-32, Leptin, SFRP5, and Adiponectin. Functions range from regulating fatty acid uptake to reducing insulin sensitivity and promoting inflammation. Sources include adipocytes, macrophages, and other cell types. Each adipokine's effects on bone metabolism, inflammation, and energy homeostasis are noted, with reference numbers provided. Annotations indicate how fatty infiltration affects inflammatory factor expression.]
In addition, obesity increases the risk of insulin resistance and type 2 diabetes (128). Diabetic bone disease patients exhibit variable degrees of bone loss and increased bone fragility with continued diabetes mellitus, which increases the risk of fracture and impairs the ability to heal after a fracture (129). Hyperglycemia due to insulin resistance has a toxicity effect on BMSCs differentiation, and high glucose levels and its induced advanced glycation end products (AGEs) increase osteocytes’ expression of sclerostin, while stimulating the noncanonical Wnt/PKC pathway and upregulating PPARγ, leading to increased adipogenesis and bone loss (130). The relationship between insulin resistance and muscle fat infiltration has been described in detail in the skeletal muscle part, and will not be repeated here. Overall, obesity, inflammation, insulin resistance, and diabetes form a complex network of attacks on the musculoskeletal system.




6.3 Glucocorticoid

Glucocorticoids have an important role in anti-allergic, immune-suppressive, and anti-inflammatory aspects (131). Although glucocorticoids have been criticized for their own side effects, the efficacy in diseases such as asthma (132), systemic lupus erythematosus (133) and vasculitis (134) is certain. In cases of unavoidable glucocorticoid use, we can’t ignore the damage to the musculoskeletal system.

Maier et al. (135) found a significant increase in lipid droplet size and proportional area consisting of lipids in dexamethasone-treated 3T3-L1 adipocytes. Low doses or short exposure times to glucocorticoids tended to promote lipolysis, whereas high doses and long exposure times would result in increased lipid deposition in 3T3-L1 adipocytes. In conclusion, glucocorticoids, due to own characteristics, inevitably pose bone loss and muscle atrophy risks when used. Bone marrow adiposity accumulation is often accompanied by reductions in bone mineral density and trabecular bone in the long bones of glucocorticoid-treated animals, even preceding these concomitant signs (136). In another similar study, glucocorticoid treatment induced a lipid metabolism circuit. Glucocorticoids increased the synthesis of oxylipins, activated PPARγ, and triggered the senescence of bone-marrow adipocyte lineage cells, which in turn acted as mediators of glucocorticoid-induced bone deterioration (137). In addition, it is well established that glucocorticoids induce skeletal muscle atrophy. GC-induced muscle atrophy is caused by increased protein breakdown and decreased protein synthesis. In particular, the activation of the ubiquitin proteasome and lysosomal system in the catabolic action of GC (138). Therefore, it is important to regulate the use of glucocorticoids and add other treatments to ameliorate their side effects.





7 Fatty infiltration and diseases of the musculoskeletal system



7.1 Osteoporosis and fatty infiltration

Osteoporosis is a systemic bone disease characterized by reduced bone mass, impaired bone quality, and reduced bone strength, resulting in increased bone fragility and susceptibility to fracture (139). The 2019 American Geriatrics Society and National Institute on Aging research conference highlights the relationship between osteoporosis occurrence and soft tissue (muscle and fat) disorders (140). In both animal experiments and clinical studies, MAT ultimately dominates the majority of the bone marrow microenvironment in osteoporotic bones. The negative correlation between low bone mass and increased MAT is evidence that fatty infiltration is indeed an important marker of osteoporosis. Higher MAT and lower bone mineral density (BMD) had a higher rate of cone fractures, while changes in proton density fat fraction (MRI-PDFF) and lipid composition were associated with an increased risk of fracture (141). Moreover, as common lipid-lowering drugs, statins have a positive effect on improving overall rate of fracture and enhancing bone mineral density in the treatment of osteoporosis (142). Simvastatin inhibited the gene expression of lipoprotein lipase and PPAR γ 2 in rats (143). However, it is worth noting that statins have a significant dose-dependent in the treatment of osteoporosis (144). Although there is no clear theoretical basis, it is possible that the modulation of osteoblasts and osteoclasts by statins is achieved through the inhibition of fatty infiltration. In addition, PTH and risedronate, which are now commonly used in osteoporosis clinics, have also been found to have an inhibitory effect on intramedullary adiposity while regulating bone homeostasis (145). In general, combined with studies of lipotoxicity on intramedullary osteogenic lineage, these clinical studies demonstrate that fatty infiltration is an important factor causing osteoporosis and that adipose is the key to treating osteoporosis. So, it is therefore practical and imperative to devise an appropriate treatment plan for the fatty infiltration of the patient.




7.2 Sarcopenia and fatty infiltration

Sarcopenia is a syndrome characterized by progressive and generalized loss of skeletal muscle mass and strength (146), and is affected by multiple factors such as insulin resistance, chronic inflammation, ROS (147). As research progresses, the role of fatty infiltration in sarcopenia has become more prominent, with strong associations with mitochondrial damage, pro-inflammatory factor release, and insulin resistance. Moreover, the impairment of muscle structure and function by skeletal muscle fatty infiltration is more obvious in aging and pathological states (148). Obesity exacerbates the development of sarcopenia, increases fat penetration into muscle, reduces physical function, and increases the risk of death (13). In addition, the main pathological change in sarcopenia is the atrophy and reduction of type II fibers. The special function and structure of type II fibers make them more susceptible to fatty infiltration compared to type I fibers, which also verifies the importance of adiposity in muscle pathological changes. This is why clinical studies of muscle fat imaging are increasingly valued, and some researchers regard it as a major criterion for disease diagnosis.

Based on the above studies combined with clinical examples, the relationship between fat, muscle, and bone speaks for itself, accompanied by the cross-linking of obesity, osteoporosis, and sarcopenia. Osteoporosis and sarcopenia are the most typical and prevalent diseases within the musculoskeletal system. In contrast, osteosarcopenia and osteosarcopenic obesity are novel research directions based on the close association between the three. Along with conventional treatment, the application of modern imaging techniques that focus on the effects of fatty infiltration on the disease and inhibit further infiltration of adiposity into the tissues is an important tool in the potential treatment of diseases of the musculoskeletal system.





8 Potential therapeutic directions

Based on the occurrence, development, and toxicity effects of fatty infiltration, we summarize the potential treatment into three aspects. First, inhibiting the ability of adipose tissue to produce toxic substances or restoring and improving the defense mechanisms of adipose tissue against lipotoxicity; Second, promoting autophagy of toxic substances and inhibiting lipoapoptosis; Third, shifting the cell differentiation pathway from lipogenesis to osteogenesis and myogenesis. Nevertheless, there are no definitive clinical treatment options for fatty infiltration of the musculoskeletal system, and only partial studies have been found in the skeletal and muscular one-sided fields.

Induction of adipose browning may be an effective way to inhibit lipotoxicity. In this regard, the bidirectional effects of IL-6 are amazing. Low-level inflammation involving IL-6 is detrimental to both the bone marrow microenvironment and skeletal muscle metabolism. However, it was found that human deep neck tissue biopsies rich in BAT released significantly higher levels of IL-6 than subcutaneous biopsies. During beige differentiation, continuous blockade of IL-6 receptors by specific antibodies leads to downregulation of BAT marker genes and differentiation to WAT (149). This indicates that IL-6 has a positive effect on adipose browning, but whether this positive effect can be applied to the bone marrow niche remains to be demonstrated. In addition, unlike chronic inflammation, exercise-induced low or transient IL-6 elevation is beneficial to muscle fiber growth and muscle mass, and even has some anti-inflammatory effects (150).

The above-mentioned mTOR associated with senescence, the study found that rapamycin-induced inhibition of mTORC1 was able to maintain osteoblast viability and reduce PA-induced lipoapoptosis (151).Further, liver X receptor activation increased stearoyl coenzyme A 9-desaturase 1 expression significantly reduced cell death, caspase 3/7 activation, endoplasmic reticulum stress and inflammation caused by lipotoxicity in huamn (152). Meanwhile, LXR possesses the capability to reduce adipocytes, osteoclast differentiation, promote osteoblastogenesis, restore insulin sensitivity, and reduce the secretion of the pro-inflammatory cytokine IL-6. However, its treatment produces side effects that exacerbate steatosis and require treatment in conjunction with other drugs (153). FABP4 is mainly expressed by macrophages and adipose tissue, regulating fatty acid storage and lipolysis, as well as being an important mediator of inflammation. PA can mediate macrophage apoptosis via upregulation of FABP4, which in turn leads to mitochondrial dysfunction and ROS, a pathway that can be inhibited by the FABP4 inhibitor BMS309403 (154). FABP4 inhibitors have similarly positive effects on insulin resistance, inflammation, diabetes, and other metabolic syndromes, but these studies have not been trialed in humans (155). Based on MRI and related analyses, Mansour found that long-term high-intensity endurance training was effective in preventing further development of thigh muscle fatty infiltration in elderly men with early stage sarcopenia (156). In addition, statins, N-acetylcysteine (157), vitamin D (158), resveratrol (159), increasing sarcolipin expression (160) and resistance training also have a role in the treatment of fatty infiltration. The efficacy of these drugs in clinical trials and the optimal utilization to maximize effectiveness while minimizing side effects are still under investigation. In fact, the key to fatty infiltration therapy lies in how to inhibit the lipogenic differentiation of stem cells, or even directly reverse lipogenesis to inhibit the production of lipotoxicity from the origin, but most of the current studies focus on the removal of toxic substances and alleviate the damage caused by lipotoxicity to surrounding cells and tissues, how to regulate the differentiation of stem cells is still a major difficulty in this field.




9 Conclusion

With the advancement of modern technology, research on fatty infiltration has become more comprehensive within the musculoskeletal system. The shared precursor cells among muscle, bone, and fat inevitably establish an intricate connection among the three. In addition to impacting individual conditions like osteosarcopenia, novel diseases such as osteosarcopenic obesity have also emerged as derivatives of fatty infiltration. Lipotoxicity inhibits osteocytogenesis and osteoblastogenesis while enhancing their lipoapoptosis, and enhances osteoclast-mediated bone resorption, triggering bone loss. In addition, myofibrogenesis, apoptosis, and damage repair are also affected by fatty infiltration, which ultimately leads to total structural and functional impairment of skeletal muscle. We conclude that aging, obesity, inflammation, and glucocorticoid use have an essential role in the effects of fatty infiltration on the musculoskeletal system, which is also determined by the close connection between musculoskeletal function and structure. At last, we summarized some potential directions for fatty infiltration treatment and related drugs, but how to construct a stable musculoskeletal fatty infiltration model, whether tendon, ligament, and cartilage components of the system are also affected by lipotoxicity, whether there is a difference in the toxicity effect produced by different localization of adipose in the same tissue, how to quantify fatty infiltration by imaging for clinical diagnosis and the related grading of fatty infiltration still need to be further explored. It is hoped that this review will provide researchers with a clearer understanding of the impact of fatty infiltration on diseases of the musculoskeletal system and provide new directions for the clinical diagnosis of similar diseases.
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Rationale

MG53’s known function in facilitating tissue repair and anti-inflammation has broad applications to regenerative medicine. There is controversy regarding MG53’s role in the development of type 2 diabetes mellitus.





Objective

This study aims to address this controversy – whether MG53’s myokine function contributes to inhibition of insulin signaling in muscle, heart, and liver tissues.





Study design

We determined the binding affinity of the recombinant human MG53 (rhMG53) to the insulin receptor extracellular domain (IR-ECD) and found low affinity of interaction with Kd (>480 nM). Using cultured C2C12 myotubes and HepG2 cells, we found no effect of rhMG53 on insulin-stimulated Akt phosphorylation (p-Akt). We performed in vivo assay with C57BL/6J mice subjected to insulin stimulation (1 U/kg, intraperitoneal injection) and observed no effect of rhMG53 on insulin-stimulated p-Akt in muscle, heart and liver tissues.





Conclusion

Overall, our data suggest that rhMG53 can bind to the IR-ECD, however has a low likelihood of a physiologic role, as the Kd for binding is ~10,000 higher than the physiologic level of MG53 present in the serum of rodents and humans (~10 pM). Our findings question the notion proposed by Xiao and colleagues – whether targeting circulating MG53 opens a new therapeutic avenue for type 2 diabetes mellitus and its complications.
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1 Introduction

Since its discovery as a cell membrane repair protein in 2009 (1), MG53/TRIM72 has been the subject of significant research, shedding light on its mechanistic actions in regenerative medicine and its role in regulating metabolic syndromes (2, 3). Beyond its role in tissue repair, MG53 also exhibits anti-inflammatory properties, offering potential applications in aging biology, organ failure, viral infection, and wound healing (4–6). However, the debate surrounding MG53’s involvement in the development of type 2 diabetes mellitus persists (3, 7–12).

Xiao and colleagues proposed that MG53-mediated downregulation of IRS-1 could serve as a causative factor for development of type II diabetes (10, 12). However, other studies demonstrated that even total ablation of IRS-1 is not sufficient to induce type II diabetes in mice (13, 14). Moreover, many other investigators have presented data that challenge their conclusion (15–18). We previously generated db/db mice with knockout or overexpression of MG53 and found no changes in insulin signaling or glucose metabolism, suggesting that “MG53 does not manifest the development of diabetes in db/db mice” (11). Recently, Philouze et al. (9) conducted an extensive series of biochemical and physiological assays and also concluded that “MG53 is not a critical regulator of insulin signaling pathway in skeletal muscle”. In our recent publication in JCI Insight (19), we demonstrated that MG53 suppresses NF-κB activation to mitigate age-related heart failure in mice, and repetitive administration of recombinant human MG53 protein (rhMG53) did not produce adverse effects on major vital organs.

Wu et al. (12) proposed that MG53 has dual actions as a myokine and an E3 ligase to inhibit insulin signaling in muscle, heart, and liver tissues. Here we present new data that found no evidence of a physiologic interaction of MG53 with insulin receptor, and negative result for MG53 in controlling insulin-stimulated Akt phosphorylation in muscle, heart and liver tissues. These findings further challenge the notion proposed by Wu et al. that intervention to reduce circulating MG53 can be beneficial to diabetes and its complications.




2 Research design and methods

Biolayer Interferometry (BLI) Assays were utilized to analyze protein binding affinity. The binding affinity of rhMG53 with human insulin receptor extracellular domain (IR-ECD)-His (INR-H52Ha, Acro Biosystems) was determined using Anti-Penta-His (HIS1K) biosensors in an Octet Red 96 instrument (ForteBio Inc., Menlo Park, CA). IR-ECD-His was immobilized onto the surface of HIS1K biosensors. Increasing concentrations of rhMG53 were allowed to interact with the immobilized IR-ECD at room temperature in running buffer (10 mM Hepes, 150 mM NaCl, 0.005% Tween-20 pH 7.4). The final volume of all solutions was 200 µL. Assays were performed in black solid 96-well flat bottom plates on a shaker set at 1,000 rpm/min. The association and dissociation of IR-ECD was measured for 250 sec intervals. All data were analyzed using the Octet Data Analysis 9.0 software (ForteBio).

Cell culture experiments were conducted using C2C12 myotubes and HepG2 cells to investigate the effects of recombinant human MG53 (rhMG53) on insulin-stimulated phosphorylation of Akt (p-Akt). Cell lines were maintained at 37°C, 95% air, and 5% CO2 in a humidified incubator. C2C12 cells (ATCC, CRL-1772) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum (FBS, GibcoTM, 16140071) and 1% penicillin-streptomycin (GibcoTM, 15140122). For differentiation, C2C12 cells were cultured in the DMEM with 2.5% horse serum (GibcoTM, 26050088) for 5 days. HepG2 cells (ATCC, HB-8065) were cultured in RPMI1640 medium with 10% FBS and 1% penicillin-streptomycin. HepG2 and differentiated C2C12 cells were pre-treated with 10, 100, or 500 nM of rhMG53 (or 500 nM of BSA as control) for 60 minutes, and then stimulated with 10 nM of insulin (GibcoTM, 12585014) for 10 minutes. Cells were washed using ice-cold PBS and detached mechanically using a scraper, and then collected.

In vivo studies were performed on C57BL/6J male mice to assess the impact of intravenous administration of rhMG53 on insulin-stimulated p-Akt levels in muscle, heart, and liver tissues. Animal handling and experimental procedures were performed according to protocols approved by the Institutional Animal Care and Use Committee (IACUC) of University of Virginia and were compliant with guidelines of the American Association for the Accreditation of Laboratory Animal Care. All experimental mice purchased from The Jackson Laboratory were 8-10 weeks of age (C57BL/6J, The Jackson Lab stock No: 000664). For in vivo treatment, after fasting overnight (13-15 hours), mice were administered rhMG53 and BSA intravenously at doses of 1 mg/kg and 6 mg/kg, respectively. 10 minutes later, they were subjected to stimulation with 1 U/kg of insulin via intraperitoneal injection. The heart, liver, and skeletal muscles were collected 10 minutes after insulin stimulation, and snap-frozen in liquid nitrogen, and stored in -80°C for later processing and analysis.

Whole lysates were isolated from cells (C2C12 and HepG2) and mouse tissues (heart, liver, and skeletal muscles) with RIPA lysis buffer containing protease inhibitor (Sigma, P8340) and phosphatase inhibitors (Sigma, P0044). The denatured proteins (20 µg/well) were separated by 4-12% protein gel (Thermo Scientific) and transferred onto PVDF membranes (MiliporeSigma, IPVH00010). Membranes were incubated in 5% (w/v) nonfat dry milk for 1 hour at room temperature, further probed with primary antibody and incubated at 4°C with gentle shaking overnight. Then, they were washed with Tris-buffered saline with 0.1% Tween 20 detergent (TBST) and probed with a HRP (horseradish peroxidase)-conjugated secondary antibody. Immunodetection was performed by iBrightTM CL 1500 Imaging System (Invitrogen) using SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo Scientific, 34580). Primary antibodies used were as follows: Akt (Cell Signaling Technology, 9272S, 1:1000 dilute), phospho-Akt (Ser 473) (Cell Signaling Technology, 4060S, 1:2000 dilute), IRS-1 (Cell Signaling Technology, 2382S, 1:1000 dilute), phospho-IRS-1 (Ser 636/639) (Cell Signaling Technology, 2388S, 1:1000 dilute), anti-MG53 (custom-made, 914, 1:2000), GAPDH (Cell Signaling Technology, 2118S, 1:5000 dilute) was diluted in 2.5% (w/v) nonfat dry milk.

ANOVA test (single factor) as statistical analysis was used to determine statistical difference between groups. All data were analyzed using Excel and GraphPad Prism 10 software.




3 Results and discussion

Wu et al. (12) reported elevated serum levels of MG53 (~2 fold) in diabetic mouse models and human diabetic patients, concluding that MG53 has dual actions as a myokine and an E3 ligase to inhibit insulin signaling in muscle, heart and liver tissues. Using BiACore assay, they showed recombinant human MG53 (rhMG53) protein binds to the extracellular domain of insulin receptor (IR-ECD) to block insulin signaling, with an estimated Kd of 8 nM [Figure 6C Wu et al (12)]. Compared to the rapid koff/kon of insulin binding, the kinetics for rhMG53 binding to IR-ECD is atypical; rhMG53 has slow reaction and fails to reach equilibration or saturation [Figure 6B Wu et al. (12)].

We have followed the exact protocol as described and found that rhMG53 can interact with IR-ECD but at a much higher Kd (>480 nM) (Figures 1A, B). Moreover, we confirmed pre-loading of the Octet sensorgrams with rhMG53 does not impact insulin’s affinity with IR-ECD (Figure 1C). Our results indicate that rhMG53 does not directly interfere with insulin binding to IR-ECD, and rhMG53 has a much lower competitive/allosteric threshold than previously described.
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Figure 1 | Biolayer interferometry (BLI) assays. (A) SDS-polyacrylamide gel electrophoresis (SDS-PAGE) of bovine serum albumin (BSA, Sigma A1470), IR-ECD (Acro Biosystem), and rhMG53 (see ref (2) for preparation). (B) In the protein-protein interaction assay using Octet RED96 instrument (ForteBio Inc., Menlo Park, CA), Octet sensorgrams of rhMG53 binding to IR-ECD revealed a Kd > 480 nM (n=3). (C) BLI assay of insulin binding to IR-ECD without rhMG53 (left panel) or with 5,000 nM rhMG53 preloaded onto the biosensor chip (right panel). Insulin binding to IR-ECD was not affected by rhMG53.

Wu et al. (12) further suggested that “… extracellular MG53 acts as an allosteric, rather than a competitive, blocker of the IR”, based on their findings in liver cell culture where incubation with rhMG53 (not BSA) inhibited insulin-stimulated phosphorylation of Akt (p-Akt) [Figure 7A Wu et al. (12)]; and intravenous administration of rhMG53 blocked insulin-stimulated p-Akt in mouse tissues [Figure 5A Wu et al. (12)]. We were puzzled by these results, as a recent report by Philouze et al. (9) showed negative findings with rhMG53 on insulin-stimulated p-Akt [Figures 3, 4 Philouze et al. (9)]. Thus, we conducted a study to determine whether rhMG53 alters insulin-stimulated p-Akt in a dose-dependent manner. We treated C2C12 myotubes and HepG2 cells with 10 nM of insulin, then quantified the impact of rhMG53 in a wide range of concentrations (10, 100 and 500 nM). As shown in Figures 2A, B, we saw no effect of rhMG53 on insulin-stimulated p-Akt in all concentrations tested.

[image: Western blot analysis showing the effect of insulin and different concentrations of rhMG53 on protein phosphorylation in various tissues. Panels A, B, and C display changes in phosphorylation levels of Akt and IRS-1 in the presence and absence of insulin and varying rhMG53 concentrations. Panel D shows similar analysis across heart, skeletal muscle, and liver tissues, with a bar graph summarizing fold changes in Akt phosphorylation. Key proteins include p-Akt, t-Akt, IRS-1, MG53, and GAPDH as a loading control. Bar charts illustrate quantitative analysis of protein activation.]
Figure 2 | Role of MG53 in insulin signaling pathways in C2C12 myotubes, HepG2 cells, and mouse tissues. (A) C2C12 myotubes (5 days post differentiation) (n=3) and (B) HepG2 cells were treated with varying concentrations of rhMG53 for 1 hour (or BSA as control), followed by 10 nM insulin for 10 min. Western blot were conducted with antibody against p-Akt [Cat #4060, Cell Signaling Technology (CST)] and total Akt (t-Akt) (Cat #9272, CST) (n=2). (C) HepG2 cells were treated with varying concentrations of rhMG53 for 1 hour (or BSA as control), followed by 10 nM insulin for 10 min. Western blot were conducted with antibody against total IRS-1 (Cat #2382S, CST), p-IRS-1 (Cat #2388S, CST), anti-MG53 (custom-made, 914), GAPDH (Cat #2118S, CST) (n=2). (D) 1 mg/kg rhMG53 (upper panel) and 6 mg/kg rhMG53 (lower panel) treatment did not alter the level of p-Akt in skeletal muscle, heart and liver derived from mice subjected to 1 U/kg insulin treatment. Sample sizes were as follows: 1 mg/kg BSA + 1 U/kg insulin (n=2), 1 mg/kg rhMG53 + 1 U/kg insulin (n=3); 1 U/kg insulin (n=3), 6 mg/kg BSA + 1 U/kg insulin (n=3), 6 mg/kg rhMG53 + 1 U/kg insulin (n=3).

While our previous study (17) and study from other investigators (10) have found physical interaction between MG53 and IRS-1, and MG53 can facilitate ubiquitination of IRS-1, there is discrepancy on the in vivo role of MG53-mediated degradation of IRS-1 in muscle and heart tissues (8, 11). Our tests showed rhMG53 does not appear to impact the protein level for IRS-1 or insulin-stimulated IRS-1 phosphorylation (Figure 2C).

These findings prompted us to conduct in vivo assays to determine whether intravenous administration of rhMG53 has any impact on insulin-stimulated p-Akt in muscle, heart and liver tissues. Following the protocol of Wu et al. (12), C57BL6J mice (male, 8-10 weeks old, The Jackson Laboratory) were treated with 1 U/kg of insulin (intraperitoneal injection); 10 min prior to insulin injection, 1 mg/kg or 6 mg/kg of rhMG53 was administered into the tail vein of the mice. Administration of 1 mg/kg rhMG53 would result in a peak level of MG53 in the blood (~10 µg/ml) which should be 1000-fold and 500-fold higher than the resting level of MG53 observed in healthy and diabetic animals. We would also expect this to further saturate the IR-ECD if any allosteric interaction was occurring. However, we were surprised to find that rhMG53 has no impact on p-Akt level in skeletal muscle, heart or liver tissues (Figure 2D), which contrasts the data presented by Wu et al. (12), who notably used 6 mg/kg of rhMG53 in their study.

Overall, our data suggest that rhMG53 can bind to IR-ECD, however has low likelihood of a physiologic role, as the Kd for binding is ~10,000 higher than the physiologic level of MG53 present in the serum of rodents and humans (~10 pM). Consistent with the data shown by Wu et al. (12), rhMG53 clearly does not interfere with insulin binding at the IR. Based on our current findings and those of Philouze et al. (9), it is unlikely that MG53 has any allosteric impact on insulin-signaling in muscle, heart and liver tissues. All together, these findings question the notion proposed by Wu et al. (12) – whether targeting circulating MG53 opens a new therapeutic avenue for type 2 diabetes mellitus and its complications.
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Metabolic diseases have gradually become one of the most significant global medical burdens. Diseases such as obesity, diabetes, and metabolic syndrome, along with their complications, are clinically categorized as metabolic diseases. Long-term oral medication significantly reduces patient compliance and quality of life. Therefore, alternative therapies that intervene at the cellular level or target the root causes of metabolic diseases might help change this predicament. Research has found that extracellular vesicles derived from adipose macrophages can effectively regulate metabolic diseases by influencing the disease’s development. This regulation is likely related to the role of these extracellular vesicles as important mediators in modulating adipose tissue function and insulin sensitivity, and their involvement in the crosstalk between adipocytes and macrophages. This review aims to describe the regulation of metabolic diseases mediated by adipose macrophage-derived extracellular vesicles, with a focus on their involvement in adipocyte crosstalk, the regulation of metabolism-related autoimmunity, and their potential as therapeutic agents for metabolic diseases, providing new avenues for diagnosis and treatment.
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Introduction

Non-communicable chronic metabolic diseases have increasingly become major global public health issues, imposing a significant burden on healthcare worldwide (1). Current understanding suggests that a series of processes affecting metabolic imbalance are metabolic diseases. These include conditions like hypertension, type 2 diabetes, hyperlipidemia, obesity, non-alcoholic fatty liver disease, and their related complications (2). These diseases often coexist and share numerous common risk factors, ultimately leading to irreversible outcomes such as disability, death, and an increased risk of cancer (3, 4). Global metabolic statistics indicate that obesity represents the largest burden among metabolic diseases, with its prevalence steadily increasing over the past two decades. The accumulation of fat caused by obesity has become a significant factor contributing to metabolic disorders and related diseases (1). In fact, obese individuals are considered to have a higher risk of death, including mortality associated with obesity-induced cardiovascular diseases, diabetes, inflammatory conditions, and their complications (5). In terms of insulin resistance, the accumulation of pro-inflammatory macrophages in adipose tissue is a crucial factor leading to obesity-associated insulin resistance (6). Moreover, the systemic low-grade chronic inflammation seen in obese individuals is a potential consequence that causes long-term chronic damage to multiple metabolic organs (7).

With the rising global obesity rates, obesity-induced metabolic diseases increasingly impact people’s quality of life. Understanding how fat mediates the development of metabolic diseases has thus become an interesting area of research. In reality, changes in cell types within adipose tissue (AT) (such as inflammatory cells and vascular endothelial cells) and variations in cytokines (like leptin and miRNA) are closely related to the development of fat-induced metabolic diseases. Macrophages in AT are likely key players in promoting adipose inflammation and may also be important mediators of the crosstalk between AT and metabolic diseases. Extracellular vesicles (EVs) are considered critical tools in transmitting cytokines that promote obesity-related metabolic diseases. For example, recent discoveries suggest that AT macrophages regulate metabolic and inflammatory interactions between adipocytes and distal tissues via a novel mechanism involving the secretion of EVs (8). Therefore, adipocyte-macrophage extracellular vesicles may have potential functions in regulating fat and metabolic diseases, presenting a new avenue for treating obesity-related metabolic diseases.





EVs mediate the occurrence and development of metabolic diseases

The regulation of systemic metabolic processes results from the interactions between key metabolic tissues, including AT, the liver, and skeletal muscle. Metabolic dysfunction includes a variety of disease risk factors that significantly increase the risk of cardiovascular diseases such as acute myocardial infarction and stroke. The comprehensive pathogenesis of metabolic dysfunction involves multiple cell types, tissues, organs, inflammatory signaling cascades, and humoral factors. Research indicates that metabolic dysfunction is related to changes in plasma EV concentrations and their cargo. EVs produced by cells in metabolic tissues can potentially carry all biomolecules involved in the mechanisms of metabolic dysfunction, ultimately promoting the onset of metabolic diseases. EVs can also act as messengers between donor and recipient cells, potentially participating in communication between tissue cells and organs during metabolic diseases. This suggests a close association between the occurrence and development of metabolic diseases and changes in EVs. In fact, several studies have found that EVs have great potential value as biomarkers for prognosis and diagnosis in metabolic diseases (Table 1). Moreover, because EVs can carry mRNA and microRNA (miRNA) to modify the gene expression of recipient cells, EVs might offer a means of repairing damaged metabolic tissue cells at the genetic level, sparking great interest in the role of EVs in improving metabolic disorders.

Table 1 | EVs regulate the development of metabolic diseases.
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EVs regulate glucose metabolism

Globally, nearly 400 million people have type 2 diabetes (T2DM) (7, 27), T2DM is considered a multifactorial disease, with its onset related to genetic factors and lifestyle choices, such as high-fat intake, alcohol consumption, and smoking, which lead to obesity (28). The prevalence of T2DM rises in tandem with obesity, with meta-analysis results from the United States and Europe showing that obese men and women are seven and twelve times more likely to develop T2DM than their lean counterparts, respectively. This indicates a strong correlation between obesity and T2DM (29). However, the molecular mechanisms underlying the link between obesity and T2DM are not fully understood. Studies have found that the pathogenesis of T2DM is closely related to dysfunctions in adipose tissue macrophages (ATMs), particularly alterations in macrophage metabolism that lead to AT inflammation and obesity (6). The chronic systemic inflammation associated with obesity is an important cause of insulin resistance and the onset of type 2 diabetes mellitus (T2DM) (28). This ongoing low-grade inflammation is thought to contribute to changes in insulin-glucose homeostasis related to obesity. An important observation is that in obese mice and humans, increased levels of inflammatory cytokines (such as tumor necrosis factor-α and interleukin-6) in AT have been found to lead to insulin resistance (30). Many obese individuals are in a pre-diabetic state, eventually progressing to T2DM characterized by insufficient insulin secretion. In obesity, AT undergoes significant expansion, accompanied by a chronic and unresolved inflammatory state (31). Furthermore, a significant cause of tissue inflammation response induced by obesity is the accumulation of pro-inflammatory macrophages, particularly in AT and the liver (8). Numerous studies in humans and rodents have shown that significant accumulation of pro-inflammatory macrophages is a major component of the AT inflammation response induced by obesity (31). These pro-inflammatory macrophages present in obese adipose tissue are major drivers of the pathogenesis of tissue inflammation and insulin resistance induced by obesity (31). It was further found that chronic tissue inflammation caused by the accumulation of M1 macrophages is a critical marker of insulin resistance, and the influx of pro-inflammatory M1 macrophages into AT is an important contributor to AT and obesity-associated insulin resistance (30). For example, M1 macrophages and insulin-resident macrophages in obese mice secrete EVs enriched with miR-212-5p, which can impair insulin secretion by β cells (32).

AT is considered a major source of circulating EVs miRNA (33). EVs-mediated cellular communication plays a profound regulatory role in the metabolic response to obesity (34, 35). Studies have shown that obese ATMs can decrease peripheral insulin sensitivity by releasing EV/microRNA (miRNA) either locally or into circulation (31). The risk of developing type 2 diabetes is associated with adipocyte hypertrophy (36) and increased production and release of adipocyte EVs, characterized by changes in the expression of perilipin A (37, 38). Consistent with these studies, circulating levels of adipocyte-derived EVs are increased in obese mice and humans and decrease following energy restriction or weight loss surgery (23). Interestingly, 55 types of adipocyte-derived EVs miRNAs have been identified that are differentially expressed between obese and lean individuals, suggesting that in addition to their higher circulating levels, the cargo of EVs is also regulated in obese individuals (23). Furthermore, obesity and insulin resistance are also associated with the accumulation of macrophages in AT (39). A large body of literature describes how ATMs play a detrimental role in regulating systemic metabolism by overproducing inflammatory cytokines that can block insulin signaling (40).

Obesity is a major risk factor for insulin resistance, which promotes the development of T2DM. Obesity-associated insulin resistance is a precursor to type 2 diabetes (27). This may be due to the close correlation between the number of resident ATMs and the degree of insulin resistance and metabolic disturbances. For example, selective depletion of ATMs through genetic or pharmacological methods can significantly prevent obesity-associated insulin resistance and metabolic complications in obese mice (41). Interestingly, EVs released by ATMs are also involved. Studies have found that administration of miRNA-containing EVs secreted by ATMs from obese mice to lean mice causes glucose intolerance and insulin resistance. Conversely, administration of ATMs EVs obtained from lean mice to obese mice can improve glucose tolerance and insulin sensitivity. Specifically, the miRNAs in these EVs can be transferred to insulin target cell types through paracrine or endocrine regulatory mechanisms, having a strong impact on cellular insulin action, in vivo insulin sensitivity, and overall glucose homeostasis (8). For instance, ATM-EVs containing miRNAs can regulate systemic insulin and glucose tolerance by directly affecting cellular insulin signaling. Thus, when lean insulin-sensitive mice are treated with obese ATMs-EVs, they develop systemic insulin resistance and glucose intolerance. In contrast, treatment with lean ATMs-EVs in obese insulin-resistant mice can lead to near-normalization of glucose tolerance and improvement of systemic insulin sensitivity (8). Similar results have been found in vitro, where EVs released by healthy 3T3-L1 adipocytes can enhance the survival and proliferation of INS-1E β-cells and human islets by stimulating insulin secretion. In contrast, EVs derived from inflamed adipocytes carrying low levels of miR-296-3p, miR-298-5p, miR-351-5p, and miR-125a-5p lead to β-cell death and dysfunction, while EVs rich in miR-155-5p from obese human AT (including ATMs) result in β-cell death and dysfunction (23).





EVs regulate lipid metabolism

Dysregulation of specific circulating EVs miRNAs involved in lipid metabolism regulation pathways may exist in patients with metabolic syndrome or individual metabolic diseases. The characteristics of EVs released from 3T3-L1 cells during adipocyte differentiation show stage-specific changes in lipid and protein content, as well as in the number and size distribution of EVs during differentiation (42). This suggests that the signaling functions of pre-adipocytes and mature adipocytes differ in adipocyte EVs. One signaling function of adipocyte-EVs might be to communicate with other cells in adipose tissue (including fibroblasts, pre-adipocytes, endothelial cells, and immune cells) to coordinate the response of tissue cells to different fuel availabilities, such as lipid metabolism (43). During obesity, AT dysfunction results from adipocyte stress, characterized by hypertrophy and hypoxia. One study found that hypoxia affects the composition of adipocyte EVs cargo by increasing levels of proteins related to metabolic processes, particularly enzymes associated with de novo lipogenesis; these EVs were found to increase lipid accumulation in recipient adipocytes (44). Similarly, other studies have shown that microvesicles containing CD73 released by adipocytes in vitro can stimulate lipid synthesis in recipient small adipocytes (45). The transfer of adipogenic mechanisms may represent a burden-shifting of lipid storage from hypertrophic adipocytes to recipient and non-stressed adipocytes. Although no evidence was found for the transfer of insulin resistance between muscle cells via EVs, the myotube phenotype and myoblast proliferation in obese individuals were affected. This suggests that the adverse consequences of lipid-rich diets in obese individuals can be transmitted between skeletal muscle cells via EVs, leading to systemic cellular metabolic disturbances (46).

White adipose tissue (WAT) dysfunction is considered a major driver of obesity-related metabolic diseases (47). Changes in the contents of extracellular vesicles released by WAT can indicate the onset of metabolic diseases. By analyzing the RNA and protein content of WAT-derived EVs, the expression of adipocyte-specific and adipocyte-dominant proteins, such as fatty acid-binding protein 4 (FABP4) and adiponectin, can be found (42, 48, 49). The expression of some adipocyte markers, such as adiponectin associated with microvesicles, constantly changes during adipogenesis and differentiation (42), which is likely related to intercellular signaling communication involving EVs. For instance, removing EVs containing CD73 from adipocyte culture media can eliminate the pro-lipogenic effects of adipogenic stimuli (50). These EVs contain, in a dose-dependent manner, transcripts and miRNA involved in the up-regulation of adipogenesis (e.g., diacylglycerol acyltransferase-2) and lipid droplet assembly (e.g., caveolin-1 and perilipin-A) (50). Interestingly, when applied to cultured adipocytes, the effects on small adipocytes are greater than those on large adipocytes (50). This might result from the regulation of the nutritional and lipid-filled status of adipocytes being transmitted to their neighboring cells via EVs.

Compared to lean mice, the number of lipid-filled EVs secreted by adipocytes in obese mice more than doubled, which could be another mechanism of obesity-associated adipose inflammation. These lipid-filled EVs represent a novel pathway for adipocyte lipid release and are not dependent on typical lipolysis. However, little is known about how different types of bioactive lipids selectively enrich in adipocyte EVs and exert their local and/or distal effects on immune and metabolic regulation (41). Recently, a novel mechanism pathway involving extracellular vesicles secreted by ATMs has been found to regulate metabolic and inflammatory interactions between adipocytes, macrophages, and distal tissues. Notably, during obesity, ATMs undergoes significant changes in number, location, and inflammatory state (43). When incubated with EVs from human adipocyte lines and AT explants, monocytes differentiate into ATMs-like macrophages, and the conditioned media from these macrophages can inhibit adipocyte insulin signaling in vitro experiments (51). Regarding lipid metabolism, adipocyte-secreted EVs loaded with lipids can express lipid droplet-associated proteins such as perilipin1, phospholipids, neutral lipids, and free cholesterol; these lipids are taken up by ATMs and can induce bone marrow-derived precursor cells to differentiate into ATMs (30). Pro-inflammatory pathways in ATMs may impair glucose tolerance in obese patients, but ATMs may also serve as a reservoir for excess lipids that adipocytes cannot store. For example, the inability of obese individuals to appropriately expand their AT reservoir may lead to ectopic lipid deposition in the liver and skeletal muscle, which could be one of the causes of insulin resistance (52).





EVs improve metabolic disease complications

With the rapid development of society and economy, due to overnutrition and lack of exercise, obesity has become a serious public health issue. Obesity is associated with various chronic diseases and significantly affects patients’ life expectancy (53). Cardiac remodeling and dysfunction caused by obesity without coronary heart disease and hypertension complications are referred to as obesity-related cardiomyopathy and are considered to lead to sudden cardiac death (54, 55). Studies have found that ATMs-EVs in obese individuals may be involved in the occurrence of complications following metabolic disorders. For example, ATMs-EVs can induce abnormal left ventricular systolic function in obese mice. It has been found that miR-140-5p is abundant in ATMs-EVs of obese individuals, which can promote ferroptosis in cardiomyocytes. Specifically, it induces ferroptosis by targeting SLC7A11 to inhibit GSH synthesis. Reducing the expression of miR-140-5p in ATMs-EVs can alleviate obesity and prevent ferroptosis and heart damage by mitigating GSH inhibition (56). Notably, peripheral ATMs-EVs can trigger microglia autophagy by inhibiting the PI3K/AKT/mTOR signaling pathway, promote anti-inflammatory microglial polarization, and stimulate anti-inflammatory properties, showing great potential for post-injury repair in metabolic diseases (57). However, due to insufficient targeting capability, the clinical application of unmodified peripheral ATMs-EVs is limited (58).

The occurrence of complications in metabolic diseases is a major reason for the strict control of metabolic disease progression. Obesity is often associated with low-grade inflammation, which determines the appearance of complications such as atherosclerosis and insulin resistance. ATMs from healthy lean donors have been found to improve glucose tolerance and insulin sensitivity and regulate related metabolic complications. In T2DM patients, M1 macrophages predominate, leading to excessive and prolonged inflammation at wound sites (59). This is due to the accumulation of M1 macrophages creating a harmful microenvironment, continuously promoting proteolysis and cellular damage (60). Therefore, regulating macrophage polarization will help in the healing of diabetic wounds. There are differences in miRNA expression in AT between obese and lean donors, and the levels of different miRNAs correlate with BMI to varying degrees (61, 62). EVs isolated from relatively lean donor AT drive macrophage polarization towards the M2 phenotype, resulting in relatively reduced inflammation (21). Macrophages are the most important immunomodulatory cells involved in the four phases of wound healing (hemostasis, inflammation, proliferation/repair, and remodeling) (60). Diabetic wounds continuously exhibit dysfunctional and M1 (pro-inflammatory) macrophage polarization, whereas normal wounds show a transition to M2 (pro-healing) macrophages (63). For instance, ATMs-EVs isolated from AT-conditioned media not only lead to the accumulation of miR-222-3p in macrophages but also induce the conversion of M1 macrophages to M2 macrophages by activating transcriptional programs with M2 phenotypic characteristics, thereby improving wound healing. In vivo experiments also show similar results, where ATMs isolated from lean mice can also secrete miRNA-containing EVs. When given to diabetes-prone mice, they regulate macrophage polarization and promote rapid healing of diabetic wounds. This suggests that changes in ATMs-EVs expression can lead to macrophage repolarization of diabetic wounds, providing new targets for promoting the healing of chronic diabetic foot (63). Additionally, during the proliferation phase, macrophage phenotype conversion inhibits inflammation while promoting angiogenesis (64), and ATMs-EVs can also promote the healing of diabetic wounds by accelerating angiogenesis and epithelialization processes. However, the mere quantity of angiogenesis is not sufficient to counteract the defects caused by macrophage polarization. Therefore, this may not be the primary factor in diabetic wound formation (65).





ATM-EVs mediate adipose-macrophage crosstalk

Macrophages are inherently highly plastic, exhibiting different phenotypes in response to environmental changes, ranging from classically activated pro-inflammatory M1 to selectively activated anti-inflammatory M2 (66). Obesity leads to changes in the internal environment, which is one of the factors causing macrophage phenotype changes. Obesity induces significant phenotypic changes in ATMs, shifting from anti-inflammatory M2 to pro-inflammatory M1, which produces pro-inflammatory cytokines, exacerbating the occurrence and progression of metabolic diseases (66). In terms of obesity, there are reports of differences in miRNAs contained in EVs released from AT in control, leptin-deficient obese, and high-fat-fed obese mice (67). These exosomes secreted into the medium seem to have local and systemic effects and are absorbed by ATMs, enhancing their activation in AT. Due to this activation, more macrophages can be recruited to the AT and feedback the inflammatory response. Various vesicles released by adipocytes are likely key mediators, whose vesicle components mediate the polarization and immune regulatory response of resident ATMs in a paracrine manner (41). For example, EVs released from human adipocyte cultures can induce monocyte differentiation into ATMs-like macrophages in vitro, and adiponectin-positive EVs from human AT are more effective in promoting monocyte differentiation into ATMs than adiponectin-negative ones. This is because adiponectin-positive EVs are more capable of inducing monocyte differentiation in vitro and exhibit characteristics of ATMs (51). Additionally, EVs derived from adipocytes isolated from high-fat diet (HFD)-fed mice can drive the polarization of macrophages towards a pro-inflammatory M1 phenotype in bone marrow-derived macrophages (BMDM) in vitro through miR-155, thereby inhibiting the suppressor of cytokine signaling 1 (SOCS1), which in turn leads to inhibition of signal transducer and activator of transcription 6 (STAT6) (68). Moreover, adipocytes also mediate the growth of adjacent adipocytes through EVs, with adipocytes delivering EVs proteins to nearby preadipocytes and adipocytes in a paracrine and autocrine manner to regulate adipogenesis. Adipose-derived stem cells (ADSC) impart paracrine effects mediated by EVs on adipocytes and ATMs, respectively regulating adipocyte reprogramming and macrophage polarization. Indeed, the content of EVs may serve as a mediator of paracrine crosstalk between adipocytes and macrophages in AT. Studies have found that adipocytes release lipid-filled EVs, and these lipid-rich EVs play a significant role in transporting lipids from adipocytes to macrophages (34). Moreover, these lipid-filled EVs are sufficient to induce bone marrow-derived monocytes to differentiate into ATMs-like macrophages in vitro (34).

In fact, macrophages also potentially influence the structure of AT through EVs, leading to the occurrence of metabolic diseases. Macrophages can be abundantly stored in AT and interfere with adjacent adipocytes through EVs. Macrophage-derived EVs can effectively internalize into adipocytes, which may be a primary factor in the chronic inflammatory structure of AT (41). In in vitro experiments, EVs secretion can be detected in the medium of human THP-1-derived macrophages, and when applied to adipocyte culture dishes, internalization of EVs into adipocytes can be clearly observed through fluorescence labeling (69, 70). Similarly, a large number of EVs have also been isolated from the AT of obese mice and have been shown to be gradually absorbed by adipocytes (8). This is further evidenced by detecting EVs membrane markers, including TSG101, syntenin 1, CD63, and CD9. Interestingly, when THP-1 monocyte-derived macrophages are polarized into M1 or M2 phenotypes by LPS plus IFN-γ or IL-4, respectively, EVs derived from M1 macrophages impair insulin signaling in human adipocytes, while EVs derived from M2 macrophages enhance insulin signaling and glucose uptake in adipocytes (69). Consistent with in vitro study results, treatment with ATMs-derived EVs from lean mice can improve diet-induced glucose intolerance and insulin resistance in obese mice, whereas EVs isolated from ATMs of obese mice can promote glucose intolerance and insulin resistance in obese mice (8). However, EVs secreted by native macrophages do not affect the differentiation process of adipocyte precursor cells into adipocytes, fat storage, or insulin-mediated glucose uptake in adipocytes. This may be due to macrophage phenotype changes in the obese state. Indeed, changes in adipocyte gene expression induced by macrophage EVs depend on their origin (LPS-activated or non-activated macrophages), where lean AT is dominated by M2 macrophages, which maintain tissue homeostasis by phagocytizing dead adipocytes, secreting anti-inflammatory cytokines, and other angiogenesis, adipogenesis, and adaptive thermoregulation factors (71). In contrast, obese AT is dominated by M1 macrophages, causing metabolic disorders in body tissues. In summary, these studies collectively support the critical role of ATMs-derived EVs in regulating adjacent adipocytes under physiological and pathological conditions (41).

However, the exact process by which cells communicate through these vesicles has not been characterized, and the exosomal crosstalk pathway between macrophages and adipocytes remains unknown (70). While changes in adipocyte gene expression have been observed, it will also be necessary to identify specific molecules (i.e., mRNA and proteins) present in macrophage-derived EVs that affect adipocyte gene expression and physiological characteristics. Of course, if similar results are obtained in human AT, other macrophages, and adipocyte primary cell models, it would also be an interesting finding (70).





ATM-EVs mediate crosstalk in adipose and metabolic diseases

Metabolic dysfunction is associated with AT inflammation and macrophage infiltration, ultimately leading to systemic metabolic dysregulation. New evidence suggests that obesity is accompanied by macrophage infiltration in AT, leading to low-grade chronic inflammation and a state of metabolic dysregulation. Recently, it has been proposed that adipocyte-derived EVs are involved in adipocyte/macrophage crosstalk and act as significant mediators in regulating the polarization of ATMs in obesity through adipocytes (72). It has been observed through protein fluorescence tracing that the intake of melatonin increases the content of α-ketoglutarate (αKG) in adipocyte-derived EVs, which is subsequently transported to macrophages, promoting the activation of M2 macrophages (73). In obesity, the phenotype of AT macrophages shifts from an M2 polarized state to an M1 state, leading to chronic inflammation and ultimately causing metabolic disorders. It has been found that ATMs undergo significant changes in number, location, and inflammatory status during obesity (43). When incubated with EVs from human adipocyte lines and adipocyte EVs, monocytes differentiate into ATMs-like macrophages, and conditioned media from these macrophages inhibit insulin signaling in adipocytes in vitro (51). Consistently, EVs from M1-like pro-inflammatory macrophages have been found to reduce insulin signaling in human adipocytes, potentially mediated by nuclear factor kappa B (NF-κB) activation, while M2-like derived EVs have the opposite effect (69).

Under physiological conditions, the body maintains metabolic homeostasis partly through communication between metabolic organs. Typically, this crosstalk is mediated by hormones or metabolites, but recently this has extended to EVs. Under physiological and pathological conditions, EVs participate in inter-organ communication by encapsulating a variety of biologically active substances. The processes of biogenesis, secretion, and specific cargo sorting of EVs are strongly influenced by dynamic physiological and pathological conditions. For example, a cell’s glucose metabolism status highly influences EVs secretion by mediating the sorting of cargo proteins into vesicles (74). Certain endocrine and metabolic factors, such as hydrocortisone, insulin, and cholesterol, can also affect the secretion or cargo composition of EVs. Hydrocortisone, as a corticosteroid, can enhance the secretion capacity of EVs while altering the RNA profile of pituitary cell-derived EVs (75). Insulin resistance can stimulate EV release and alter the levels of insulin signaling proteins in EVs (76). Cholesterol homeostasis plays a critical role in the uptake of extracellular vesicles, and lowering cholesterol levels in myeloid cells can inhibit receptor myeloid cell uptake of prostate cancer-derived EVs (77). Indeed, dysregulation in the number and composition of EVs is prevalent in various metabolic diseases (78). For example, significant changes occur in the number, location, and inflammatory status of ATMs during obesity. When incubated with EVs from human adipocyte lines and AT-derived EVs, monocytes will differentiate into ATMs-like macrophages, and conditioned media from these macrophages can significantly inhibit insulin signaling in adipocytes in vitro (51), further demonstrating that this is due to EVs released from M1 macrophages (69). Interestingly, EVs-like carriers from M1 macrophages impair insulin signaling in human adipocytes, while EVs-like carriers from M2 macrophages have the opposite effect (69). Similarly, EVs obtained from ATMs of lean mice, when given to obese mice, can improve glucose tolerance and insulin sensitivity, while injections of exosomes isolated from ATMs of obese mice induce glucose intolerance and insulin resistance in lean mice (8). Although the specific molecular mechanisms driving these changes remain unclear, they also indicate that the components contained in EVs released by specific cells change under metabolic disorder conditions, further causing metabolic dysregulation. In summary, ATMs-EVs can mediate crosstalk between key metabolic tissues and adipocytes and participate in the body’s metabolic regulation under physiological and pathological conditions.

Interestingly, EVs seem to have a regulatory effect on the crosstalk between adipocytes and ATMs and insulin resistance (79). Research has found that ATMs-EVs miR-29a can participate in obesity-induced insulin resistance by targeting PPAR-δ (80). miR-29a belongs to the miR-29 family, which is widely present in EVs. miR-29 family proteins delivered by EVs can affect insulin resistance in obesity and diabetic patients by mediating glucose and lipid metabolism in adipocytes, myocytes, and hepatocytes (81). Interestingly, the level of miR-29a in urinary EVs is independently associated with obesity, insulin resistance, lipids, and liver enzymes, making it a potential biomarker for T2DM (80, 82). While EVs secreted by adipocytes have profound effects on ATMs polarization and function, ATMs themselves also produce EVs to regulate the metabolism and insulin action of local adipocytes and distant metabolic organs (55). Adipocyte-derived EVs increase due to obesity and indirectly assist ATMs in lipid uptake (83). In humans and mice, AT-derived EVs are a major source of circulating miRNA, and the miRNA content of adipocyte EVs in obese individuals differs significantly from that of lean individuals (23). Furthermore, changes in EVs miRNA are closely related to the reduction of insulin resistance after weight loss surgery. EVs miRNAs are key participants in mediating adipocyte-macrophage crosstalk within AT under physiological and pathophysiological conditions (84). In summary, ATMs-EVs play a crucial role in coordinating communication between adipocytes and other types of cells within AT, as well as between AT and other key metabolic organs (such as the liver and skeletal muscle) (85) Figure 1.
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Figure 1 | ATM-EVs mediate crosstalk between adipose, macrophages and metabolic diseases.

ATM-EVs mediate crosstalk between adipose tissue, macrophages, and metabolic diseases. In the context of obesity, M0 macrophages in adipose tissue undergo a transformation into M2 macrophages upon stimulation by EVs released from adipocytes. The M2 macrophages then regulate various pathways, such as promoting immune responses, transferring immune factors, altering the function of metabolic organs, and inducing immune cell aggregation, thereby creating a disrupted metabolic microenvironment that further promotes the continuous generation of M1 macrophages. In normal or lean conditions, M0 macrophages in adipose tissue are stimulated by EVs released from adipocytes to differentiate into M1 macrophages. These M1 macrophages, in turn, regulate processes such as promoting the breakdown of dead adipocytes, reducing inflammation, improving insulin sensitivity in metabolic organs, enhancing wound healing, and shortening the duration of inflammatory states. These processes help maintain the communication and stability of metabolic organs, sustaining a normal metabolic microenvironment while further promoting the generation of M2 macrophages.





Possibility of ATMs-EVs modulating immunotherapy for metabolic diseases

The pathogenesis of metabolic diseases may be related to the activation or suppression of immune cells, which is based on altered communication between different organs. For example, the communication between the liver, pancreas, AT, and immune system may be associated with the convergence of immune cells or the potential transmission of information to activate immune cells within the tissue. In fact, changes in the metabolic microenvironment are significantly associated with the activation of immune cells. In the metabolic microenvironment experienced by immune cells within tumor tissues, nutrients can alter metabolic programming and form an anti-tumor immune response (86). The activity of immune cells is also affected by the availability of nutrients; under starvation conditions induced by infection, ketone bodies can directly affect the survival of CD4+ T cells and regulate their production of IFNγ (87). Conversely, immune cell dysfunction can be observed in states of nutrient excess, such as hyperglycemia and hyperlipidemia (88). These phenomena can be significantly manifested in the re-regulation of glucose under conditions of marked inflammation, such as sepsis and critical illness. Interestingly, the responsiveness of immune cells to changes in the nutrient state of the metabolic microenvironment is particularly evident in lipid-associated macrophages. This may help explain the development of various chronic diseases, such as heart-related metabolic diseases, caused by metabolic disorders. The specific intercellular communication between tissue-resident immune cells and metabolic cells has also been confirmed in fasting and refeeding experiments in vivo (89). In this context, there is a high level of interaction between the immune system and the metabolic microenvironment. As the vanguard of the immune environment, macrophages naturally become key participants in the development and progression of metabolic diseases, such as T2DM (90).

AT is a unique tissue that has a powerful impact on immune cell function. The field of AT immunobiology reveals how AT shapes immune cell function under conditions of metabolic stress, such as obesity. Evidence suggests that many metabolic and tissue-specific complications of obesity are associated with the activation of inflammatory cells and the loss of tissue homeostasis. Research focusing on intracellular metabolic pathways has found that AT can control the activation of immune cells and regulate their function, ultimately affecting the growth of host cells (91). Due to the contribution of AT macrophages in lean and obese states, they have been extensively studied. Macrophages are the most abundant immune cell population in obese AT, accounting for 40-60% of AT immune cells in obese mouse models (6). In obesity, the pro-inflammatory activity of ATMs can stimulate adipocytes to secrete pro-inflammatory mediators, such as TNF-α and IL-6, which in turn activate and recruit other immune cells (92). As the predominant immune cell in AT in terms of function and quantity, ATMs can regulate obesity-induced insulin resistance by altering the secretion of inflammatory and anti-inflammatory factors (55). The number of ATMs in obese mice and humans is significantly increased and positively correlated with obesity (6). Specifically, in obese mice, the number of activated M1 ATMs (typical inflammatory macrophages) increases, leading to an increased M1/M2 macrophage ratio (80). Furthermore, the accumulation of immune cells, including macrophages, produces a chronic inflammatory state associated with insulin resistance. AT macrophages have characteristics related to AT metabolic function, which differ from the typical characteristics of macrophages in other tissues. Studies have shown that various epigenetic changes caused by a hyperglycemic environment led to elevated inflammatory cytokine expression, promoting M1 macrophage polarization. The accumulation of M1 macrophages leads to chronic inflammation of AT and ultimately causes insulin resistance (93). Interestingly, some data suggest that ATMs have beneficial effects, such as increasing fat storage, regulating angiogenesis, remodeling the extracellular matrix, and clearing dead cells in AT to maintain AT homeostasis. Therefore, macrophages may have various or even opposite effects on adipocytes depending on the physiological conditions, which likely depends on the body’s metabolic state (52). For example, adipocyte-secreted microRNA-34a (miR-34a) can act as a key mediator through its paracrine effect on ATMs. Adipose-selective or adipocyte-specific resistance to obesity-induced glucose intolerance, insulin resistance, and systemic inflammation transmits the signal of nutrient excess to ATMs, thereby exacerbating systemic inflammation and metabolic dysregulation caused by obesity (84). In addition, AT hypoxia is a tissue-specific phenomenon that occurs during the rapid expansion of AT in obese individuals. ATMs isolated from obese AT exhibit a sustained elevated hypoxic state, implying that the pathophysiological role of ATMs is regulated by certain inflammation-related transcription factors induced by a combination of hypoxia and metabolic stress (94, 95). Most studies on AT HIF have focused on HIF-1α (96, 97). For example, macrophage HIF-2α can attenuate pro-inflammatory properties by inducing ARG1, thereby preventing pro-inflammatory responses and insulin resistance in adipocytes. In this regard, maintaining appropriate activity of HIF-2α is crucial for preventing AT dysfunction in obesity, suggesting that enhancing HIF-2α activity in ATMs may be an attractive approach for treating metabolic disorders caused by obesity (98). Persistent and unresolved inflammation and hypoxia in AT are major causes of obesity-related metabolic complications. However, the molecular link between lipid-overloaded adipocytes and inflammatory immune cells in obese AT remains elusive.

Interestingly, studies on AT-released EVs in obese individuals may explain this molecular link between the two cell types. For example, macrophage EVs in AT can induce the convergence of surrounding immune cells to AT, leading to the occurrence of metabolic complications. Studies have found that ATMs-EVs play an important role in immune surveillance, signal mediation, and promoting disease progression in the pathogenesis and pathology of inflammation and related diseases. ATMs-EVs can influence the chemotactic properties of peripheral immune cells by affecting the release of pro-inflammatory enzymes and cytokines, indicating that ATMs-EVs have pro-inflammatory or anti-inflammatory properties (58). ATMs-EVs produced in the AT of lean mice can directly reduce systemic immune responses in vivo, thereby promoting insulin signaling. When administered to obese mice, they can significantly improve insulin sensitivity and glucose tolerance (99, 100). Conversely, in type 2 diabetes, ATMs-EVs can mediate immune cell activation and insulin resistance (101), possibly due to the effects of EVs derived from inflammatory M1 macrophages on adipocyte differentiation and insulin signaling through NF-κB activation, while EVs derived from M2 macrophages enhance glucose uptake in adipocytes (69). In fact, once released into the extracellular space, ATMs-EVs regulate the metabolism of nearby and distant cells through body fluid circulation (92), although the specific process remains unclear. Additionally, it would be interesting to study whether the dysregulated EV miRNAs in macrophage EVs change after dietary or exercise interventions and understand the effects of ATMs-EVs on the systemic inflammatory response to further regulate the metabolic microenvironment (92). Although extensive studies have been conducted on the effects of macrophage EVs on the systemic immune response in the development of metabolic diseases and the impact of metabolic stress on the production of EVs by macrophages, the role of ATMs-EVs in metabolic pathology and whether they can prevent or even intervene in the occurrence or progression of metabolic diseases by acquiring EVs released by different types of macrophages to influence their immune responses, and constructing specifically needed ATMs-EVs to treat complications caused by metabolic diseases, still require sufficient research to be confirmed.





Exploration of the clinical use of ATMs-EVs

Today, approximately 500 million people worldwide are affected by metabolic disorders and their complications. The World Health Organization (WHO) estimates that this number will increase to around 700 million by 2045 due to unhealthy lifestyles (92). Currently, significant efforts are being made to prevent and treat metabolic complications, and new discoveries in the field of EVs have encouraged researchers to consider these naturally constructed nanovesicles for clinical applications. Due to their potential to manipulate drug delivery, specific targeting, and homing properties, EVs are considered “professional transporters and messengers” at the systemic level in the body (102–104). Because exosomes protect their cargo from degradation by circulating enzymes, all these characteristics provide potential for disease diagnosis and evaluation of the efficacy of specific drugs. In fact, EVs are considered very attractive nanocarriers or biomarkers for liquid biopsy due to the protection of their molecular cargo by a lipid bilayer membrane (105). This makes EVs particularly suitable as a source of liquid biopsy for various diseases, including post-obesity metabolic disorders and inflammatory responses (106, 107). As the global obesity epidemic becomes a major driving force behind the increasing prevalence of T2DM, obtaining a method to enhance insulin sensitivity would have significant clinical application value. Studies have found that treatment with obese ATMs-EVs leads to reduced insulin secretion and enhanced β-cell proliferation both in vivo and in vitro (31). It was observed that insulin signaling in cells improved significantly after in vitro or in vivo experiments using M2-like macrophage EVs highly enriched in miR-690. New evidence suggests that insulin-sensitive lean mice secrete EVs containing miRNA from ATMs, which can be transported to insulin target cells to promote insulin sensitivity (108). Conversely, M2-EVs treatment enhances insulin sensitivity both in vivo and in vitro, while inhibiting M2-EVs miRNA can prevent these effects (108). Interestingly, the secretion levels of ATMs-EVs have distinctly different impacts on various diseases, reflecting the influence of different cell types and environments on the control of EVs secretion. In fact, ATMs-EVs play key roles in treating diseases such as cancer, atherosclerosis, diabetes, heart disease, and inflammation (109–113). It has been reported that all types of M2-EVs can alleviate the severity of inflammatory bowel disease, with M2b-EVs (M2b macrophage-derived EVs) having the best effect. Additionally, ATMs-EVs can be used as tools for drug delivery, or as vectors for gene or protein delivery (114) Figure 2. In terms of metabolic diseases, it has been found that M1-EVs help reduce inflammation in AT and insulin resistance of cells. For example, miR-27-3p in M1-EVs can regulate inflammation and insulin resistance mediated by mitochondrial autophagy defects through the miR-27-3p-Miro1 axis and has been confirmed to have beneficial effects in preventing the development of type 2 diabetes. This could provide new therapeutic targets for T2DM (115). Moreover, by purposefully engineering ATMs-EVs, they could become ideal functional carriers for delivering genetic material and drugs to specific disease sites for targeted treatment. For example, the engineered ATM2-EVs@PMN, through the combined effect of M2-EVs and PMN-generated photothermal effects, can inhibit inflammation and drive angiogenesis to promote diabetic wound healing, which could be a promising cell-free approach to treating metabolic diseases (58).

[image: Potential clinical applications of ATM-EVs are depicted with a diagram showing a human figure with highlighted adipose tissue linked to macrophages, exosomes, and microvesicles. Boxes below illustrate applications such as improved diagnosis of metabolic diseases, engineered nanomedicines, reduced insulin resistance, wound healing promotion, anti-obesity multi-organ damage prevention, delayed metabolic disease progression, and immune system stimulation.]
Figure 2 | Potential clinical applications of ATM-EVs.

In terms of systemic metabolism, intercellular communication is crucial for coordinating the activities of important organs such as the brain, pancreas, liver, muscle, and AT. It is generally believed that non-synaptic intercellular communication occurs either locally through paracrine signaling or over longer distances through endocrine signaling (body fluids), both involving the secretion of signaling molecules such as growth factors, cytokines, and hormones. However, intercellular communication via the secretion of EVs has recently been considered an important driver of intercellular/inter-organ signal transduction, as EVs allow vesicles carrying specific molecular information to target and deliver it to specific cells anywhere in the body in a timely manner. This helps change the traditional view of intercellular communication and represents an alternative and universal mode of intercellular communication based on molecular cargo (i.e., proteins, lipids, nucleic acids, and membrane receptors) (92). This type of intercellular communication induces a wide range of stimulating or inhibitory functional outcomes, including cell proliferation, apoptosis, cytokine production, immune regulation, and metastasis (116). Therefore, they add an alternative mode of paracrine and endocrine communication beyond the traditional strategies of cell-to-cell direct contact and soluble receptor-targeting hormones and cytokines. The selective delivery of signaling molecules by EVs may be one of the reasons for the complexity of diseases. In obese rodents and humans, the protein (including adipokines) and RNA content of ATMs-EVs show qualitative differences (117). A study of the ATMs-EVs miRNA profile in 219 patients observed different ATMs-EVs miRNA profiles in metabolic syndrome, T2DM, hypercholesterolemia, and hypertension (118). These ATMs-EVs can interact with recipient cells, delivering their cargo into the cytoplasm of recipient cells and regulating their phenotype. ATMs-EVs can deliver not only functional proteins and translatable miRNA (119, 120) but also their miRNA cargo can silence target genes in recipient cells (121). Thus, we can achieve cell-level therapy by delivering the desired cargo to target cells through ATMs-EVs internalization or by targeting the action of ATMs-EVs surface molecules on target cells (122). Due to the lack of sufficient immunogenicity, EVs can be engineered for the clinical treatment of metabolic diseases (123). EVs are highly complex vesicles whose bilayer structure and cargo transfer capabilities allow them to serve as natural carriers for therapeutic drugs and prevent their degradation in the body. Currently, EVs loading technology can be divided into endogenous loading (genetic modification of parent cells) and exogenous loading (drug loading of EVs) (58), of course, this is not related to the specificity of ATMs-EVs. Therefore, to better utilize the special effects of ATMs-EVs (originating from obese or healthy individuals) and avoid biohazards and reduced metabolic regulation caused by human intervention, directly using ATMs-EVs from original tissue sources may have greater clinical value. However, for practical application, determining the optimal injection dose, timing, route, and rate of ATMs-EVs is important for enhancing clinical efficacy and reducing side effects.





Discussion and prospects

Before ATMs-EV-mediated cell communication can be used for therapeutic purposes, more research is needed. Little is known about the recruitment and packaging of exosome cargo and the processes involved in targeting exosomes to specific target cells. Questions remain about whether EVs cargo loading and targeting addresses vary with different metabolic states, how these processes are regulated, and the characteristics of ATMs-EVs induced between different metabolic cell types and metabolic organs (79). The differences in protein and RNA content within ATMs-EVs increase the possibility that they may act in a nonlinear fashion at multiple stages of a single signaling pathway in metabolic processes or operate on multiple pathways. For instance, they can also indirectly act by stimulating metabolic cells to release signaling peptides or receptor ligands, or by mediating the intracellular transfer of lipid-insoluble signaling molecules (124, 125). These choices largely depend on the material composition of individual exosomes and are related to insulin resistance and impaired insulin signaling (91). Moreover, there are many differentially expressed macrophage-derived exosomal miRNAs between lean and obese states, with relatively highly expressed miRNAs thought to have biological effects. These studies not only emphasize the importance of macrophages as a source of adipose exosomes but also indicate that ATMs can produce EVs containing different types of cargo depending on their phenotype. Since various macrophage populations coexist within AT (36), characterizing the types of ATMs-EVs produced by these different populations in health and metabolic disease is crucial to understanding the specific roles of inflammatory cells (126). Although a series of mammalian cells have been used to study ATMs-EVs subpopulations, there is a lack of systematic deep characterization of all EVs populations within single-cell types from multiple sources (i.e., resident macrophages from different organs or tissues). Identifying differences between the same ATMs-EVs in different metabolic microenvironments may help better distinguish pathological EVs signals of metabolic disease phenotypes in peripheral blood. Currently, research on metabolic ATMs-EVs primarily focuses on EVs miRNA or EVs proteomics, with limited efforts directed towards exploring the synergistic or coordinated disease characteristics within the EVs RNA-proteome combination. This combined approach could support the possibility that ATMs-EVs are produced under specific disease conditions and promote the progression of metabolic diseases through direct cellular targeting (126). Furthermore, multiple miRNAs within ATMs-EVs might act in a coordinated manner to induce insulin resistance and insulin-sensitive phenotypes. It might be crucial to demonstrate the full spectrum of metabolic effects induced by ATMs-EVs miRNAs. Regarding systemic metabolic regulation, it is important to determine whether macrophages in the liver, AT, and skeletal muscle express the same miRNAs within EVs, and whether ATMs-EVs and their associated miRNAs specifically circulate to the liver and skeletal muscle to alter tissue-specific or systemic metabolic responses. Further clarification of the process by which macrophage recruitment is regulated and the phenotypic changes of ATMs could potentially decipher the methods for using ATMs-EVs to treat obesity and suppress chronic metabolic diseases caused by inflammation in systemic AT (127). Under conditions of metabolic disorders, immune cells that play a key role in nutritional regulation appear to be activated in all tissues, leading to sustained damage to the homeostatic functions of the cardiovascular system, brain, pancreas, liver, and AT. ATMs-EVs, as one of the key mediators, might contribute to the damage to systemic metabolic cells due to the collective effect of all ATMs-EVs. Identifying the predominant type of ATMs-EVs and their cargo in different metabolic diseases could facilitate early intervention in the onset of chronic metabolic diseases.

In fact, further research is needed on the functional changes in M1 and M2 polarization within obese AT and their respective EVs. Given that the recruitment and polarization of ATMs is a complex process regulated by various metabolic and immune factors, it remains to be determined how multiple regulatory factors communicate and coordinate to control the number and characteristics of ATMs during the development of obesity (84). ATMs-EVs play a role in controlling inflammatory responses in various metabolic diseases, including hypertension and diabetes. However, the specific targets and roles of ATMs-EVs in regulating disease-related inflammation are largely unknown. Although a significant number of miRNAs associated with the pathogenesis of T2DM have been identified in exosomes derived from AT macrophages, their pathogenic roles remain unclear. Specifically, further studies are needed to investigate the role of M1-EVs in human islets and assess whether targeting miRNAs or inhibiting M1-EVs could mitigate β-cell damage in rodent models and patients with type 2 diabetes (128). However, due to the low number of ATMs in lean and healthy mice, it is challenging to harvest enough macrophages from lean AT for more in-depth mechanistic studies.

Before the clinical application of ATMs-EVs, some fundamental issues still need to be addressed, such as how EVs target specific cells in vivo, whether there are specific markers to identify different organs, whether the same EVs cargo exerts similar functions in different target organs, and the safety, dosage, and bioavailability of EVs for treating metabolic diseases in vivo. Clarifying these issues and further modifying or interfering with the communication of these EVs cargos may provide potential therapeutic strategies for treating metabolic diseases.
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Background

This study investigates the relationship between basal metabolic rate (BMR), body composition, obesity indices, and cognitive impairment (CI) in middle-aged and older type 2 diabetes mellitus (T2DM) patients, assessing their potential role in CI screening.





Methods

A cross-sectional study included 1243 T2DM patients over 45 years old. CI was assessed using the Montreal Cognitive Assessment. BMR and body composition indices were measured through bioelectrical impedance analysis. The associations and predictions related to CI were explored using multivariable-adjusted logistic regression, restricted cubic spline (RCS) models, and receiver operating characteristic (ROC) curve analyses. Mediation analysis explored the role of BMR adjusted by body surface area (BMR/BSA) in CI risk.





Results

Patients with CI showed significantly lower BMR, BMR adjusted for height squared (BMR/Height²), BMR/BSA, appendicular skeletal muscle mass (ASM), and fat-free mass (FFM), alongside higher waist circumference (WC) and percentage of body fat. Logistic regression showed that participants in the fourth quartile of BMR, BMR/Height2, and BMR/BSA had approximately a 54% reduced risk of CI (odds ratio range 0.457 to 0.463). RCS analysis indicated a linear decrease in CI risk with increasing BMR metrics. ROC analysis indicated high predictive efficacy for CI with combined indicators, particularly BMR and FFM (area under the curve 0.645). Mediation analysis suggested that BMR/BSA played a significant mediating role in WC, ASM and FFM on CI risk, with a mediation proportion ranging from 45.73% to 50.87%.





Conclusion

Low energy expenditure assessed by BMR/BSA is an independent risk factor for increased CI risk in middle-aged and elderly T2DM patients. Central obesity, low muscle mass, and low energy expenditure significantly elevate CI risk in this population.
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1 Introduction

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disease characterized by glucose and fat metabolism disorders. According to statistics, in 2021, there are approximately 540 million diabetic patients worldwide, about 95% of which are T2DM patients (1). China has about 150 million diabetic patients, which is the country with the largest diabetic population (1). Cognitive impairment (CI) encompasses disorders marked by difficulties in understanding, attention, calculation, visuospatial skills, language, memory, and executive function, arising from various neurological, psychological, and physiological factors (2). Diabetes can lead to significant brain changes, contributing to CI (3). A meta-analysis indicated that nearly 45% of T2DM patients experience CI, with poor glycemic control accelerating its progression to dementia (4, 5). Additionally, individuals with CI impose a substantial economic burden on families and society due to increased disability, reduced self-management capabilities, and shortened life expectancy (6, 7). The mechanism of diabetes leading to CI mainly involves the activation of polyol pathway, the increase of advanced glycation end products, the activation of protein kinase C and the change of hexosamine pathway, which together lead to the deterioration of neurotransmitter function (8, 9), and ultimately lead to CI.

The basal metabolic rate (BMR) refers to the energy consumed by the body to maintain basic life activities in the awake state (10). It is closely related to muscle mass and fat distribution (11) and is usually measured about 10 hours after the last meal, or in a controlled thermally neutral environment (12). Compared with non-diabetic patients, BMR of diabetic patients is often higher (13). This phenomenon may be influenced by various factors, including increased levels of carbohydrate oxidation, enhanced gluconeogenesis and hepatic glucose output, and heightened sympathetic nervous activity, which collectively lead to alterations in metabolic activities within the body, further promoting an increase in BMR (14, 15). However, the relationship between diabetes and BMR is intricate and nuanced. Research indicates that individuals with long-term diabetes often experience a reduction in BMR (16). This decline can be attributed to several factors, including decreased hepatic glucose production, reduced lipid oxidation, and prolonged muscle atrophy, all of which ultimately contribute to a lower BMR (16–18).

Low muscle mass and central obesity are widely recognized as important factors influencing CI (19, 20). However, studies examining the effects of central obesity and low muscle mass on CI show conflicting results. Some research indicates that a decrease in muscle mass is closely associated with accelerated cognitive decline and an increased risk of CI (21, 22). Additionally, central obesity measured by high waist circumference (WC) is considered a risk factor for CI and dementia (23, 24). Conversely, other studies have found no significant association between skeletal muscle mass and WC with CI (25–27). Notably, low muscle mass and central obesity are often accompanied by a decrease in BMR, which affects overall energy balance (28). Research conducted by Luke A. and Dulloo A.G. indicates that low muscle mass is generally associated with a decrease in BMR (28, 29). The reduction in muscle mass is closely linked to the progressive loss of myocytes and an increased rate of degenerative changes, which together contribute to the declining trend in BMR (30). Similarly, studies by Stiegler P. and Ashtary-Larky D. have found that central obesity, as measured by high waist circumference, is often accompanied by reduced fat oxidation and increased fat storage, further exacerbating the decline in BMR (28, 31). Furthermore, a lower BMR can lead to metabolic dysfunction in both the body and brain, impairing glucose metabolism and resulting in insufficient oxygen supply to the brain. This deficiency can adversely affect neurotransmitter synthesis and may ultimately contribute to cognitive impairment, potentially progressing to dementia (32–34). Under the background of low muscle mass and high WC, low BMR may significantly elevate the risk of diabetes-related CI, which may explain the inconsistency of the effects of low muscle mass and central obesity on CI. However, there is currently a lack of studies investigating the correlation between CI and BMR in diabetic populations, as well as the potential mediating role of BMR in the relationship between low muscle mass and high WC concerning CI.

This study aims to evaluate the relationship between obesity-related indicators, body composition, BMR, and their height- and body surface area (BSA)-adjusted indices (BMR/Height² and BMR/BSA) with CI in middle-aged and elderly patients with T2DM. Specifically, body composition encompasses fat-free mass (FFM), appendicular skeletal mass (ASM), visceral fat area (VFA), and percentage of body fat (PBF), while obesity indicators include WC and body mass index (BMI). Furthermore, this research will explore the potential mediating role of BMR/BSA in the relationship between central obesity (WC) and low muscle mass (ASM and FFM) on CI risk, so as to provide a reliable basis for the early prevention of CI in middle-aged and elderly patients with T2DM.




2 Methods



2.1 Study design and participants

Our study is a cross-sectional analysis involving T2DM patients aged 45 and older, who were first admitted to the Endocrinology Department of Tianjin Union Medical Center between July 2020 and January 2024. These admissions were primarily for routine diabetes management, complications related to diabetes, and other endocrine disorders.




2.2 Inclusion and exclusion criteria

The inclusion criteria were individuals diagnosed with diabetes according to the diagnostic criteria established by the World Health Organization in 1999, aged ≥45 years.

The following individuals were excluded from the study: Patients with Type 1 Diabetes Mellitus diagnosed at or below the age of 20 who were solely using insulin; patients unable to complete neuropsychological screening due to speech disorders, vision or hearing impairments, or unwillingness to cooperate; patients unable to undergo bioelectrical impedance analysis (BIA) due to the presence of metal objects in their bodies, edema, paralysis, or refusal to participate; patients missing key variables (BMI or WC); patients with conditions that could potentially affect cognitive function(head trauma, cerebral ischemia, severe depression, dementia, delirium, and schizophrenia); patients with severe anemia, acute infections, acute diabetic complications, autoimmune diseases, hematological disorders, malignancies, or thyroid dysfunction; and patients with an estimated glomerular filtration rate (eGFR) less than 30 mL/min/1.73 m², chronic dialysis patients, heart failure, severe pulmonary disease, or severe liver dysfunction. Ultimately, a total of 1243 patients were included. The detailed flowchart of the selection process is provided in Figure 1.

[image: Flowchart depicting the selection process for a study on diabetes patients. Initially, 1,429 participants aged forty-five and older were considered. Exclusions included 21 T1DM patients, 26 without neuropsychological assessments, 67 with missing body composition data, and 11 missing key variables, resulting in 1,304 T2DM patients. Further exclusions of 17 with cognitive-affecting diseases, 21 with severe health conditions, and 23 with chronic or organ dysfunctions led to 1,243 included subjects. These were divided into a normal cognition group of 670 (53.9 percent) and a cognitive impairment group of 573 (46.1 percent).]
Figure 1 | The flowchart depicting the selection of participants.




2.3 Assessment of CI

The Montreal Cognitive Assessment (MoCA) is a sensitive tool for early cognitive screening, demonstrating a specificity of up to 87% and sensitivity reaching 90% (35). A threshold score of 26 indicates cognitive impairment (CI), with scores below this suggesting CI (36). To adjust for educational attainment, participants with 12 years or less of education received an additional point on their total MoCA score (35). The MoCA was administered by trained personnel under standardized conditions to ensure consistency in the assessment process. Evaluations were conducted in a quiet environment to minimize distractions. Ultimately, a total of 1,243 participants were categorized into two groups: the normal CI group (N=670, MoCA score ≥26) and the CI group (N=573, MoCA score <26).




2.4 Assessment of anthropometric measurements and body composition analysis

Before the assessment, participants were instructed to empty their bladders and wear lightweight clothing while standing barefoot on a body composition analyzer (InBody770, Biospace, Korea), gripping the handles to facilitate measurement through electrodes placed on the soles of their feet. Height and weight were measured using an automatic height and weight measuring device (Seca287, Seca, Germany). WC was measured with a tape measure at the midpoint between the lowest rib edge and the iliac crest. Advanced direct segmental multi-frequency BIA technology was employed to evaluate several key body composition indicators, including VFA, PBF, FFM, ASM, and BMR. Additionally, BMR was calculated using BIA, with the formula validated through indirect calorimetry measurements (37). In order to offset the effects of height and weight on BMR (38), we divided BMR by the square of height (cm2) and BSA. The calculation formula of the relevant indicators is as follows: (39)

[image: The equation for calculating body surface area (BSA) is BSA equals 0.0061 times height in centimeters plus 0.0124 times weight in kilograms minus 0.0099.]	

[image: BMI formula: BMI equals weight in kilograms divided by height in meters squared.]	




2.5 Covariates

This study collected demographic characteristics (such as gender, age, education level, and marital status), lifestyle factors (including smoking, alcohol consumption, duration of diabetes, regular exercise, and dietary control for diabetes), and medication usage from participants through standardized questionnaires, face-to-face interviews, and medical record reviews. A comprehensive evaluation of complications and comorbidities was conducted, which included assessing dyslipidemia, diabetic microvascular complications (DMC), peripheral artery atherosclerosis (PAA), coronary heart disease (CHD), and cerebrovascular diseases (CVD). All data were gathered by trained professional healthcare personnel. Standardized methods were used to measure blood cell counts, hemoglobin levels, serum biochemistry, and urinary parameters. Detailed methodologies for data collection, laboratory measurements, and variable definitions are provided in Supplementary Materials 1.




2.6 Statistical analysis

The Kolmogorov-Smirnov test and Q-Q plot assessed the normal distribution of continuous variables. Normally distributed variables are presented as means ± standard deviations or medians (interquartile range), compared using Student’s t-test, while non-normally distributed variables are expressed as medians with interquartile ranges and analyzed using the Wilcoxon rank-sum test. Categorical variables are shown as absolute counts and percentages, compared using chi-square or Fisher’s exact tests.

To evaluate the independent associations of BMR and relevant adjusted indices (BMR/Height², and BMR/BSA), body composition (VFA, PBF, FFM, and ASM), BMI, and WC with the risk of CI, we performed binary logistic regression analysis. For the purpose of ensuring good model fit while balancing complexity and explanatory power, the Akaike Information Criterion and the Bayesian Information Criterion were utilized as evaluation metrics. With the aim of assessing multicollinearity among the body composition variables, the variance inflation factor (VIF) was calculated and any variables with VIF values exceeding 10 were excluded to mitigate significant collinearity. Furthermore, the Hosmer-Lemeshow test was employed to evaluate the goodness-of-fit of the logistic regression model. To investigate the potential non-linear relationship between BMR and the risk of CI, as well as to observe trends across different levels of BMR, each indicator was divided into quartiles, using the first quartile as the reference group to calculate odds ratios (ORs) for CI with 95% confidence intervals. Based on baseline differences and known metabolic risk factors affecting CI in T2DM (2, 40–42), three progressive adjustment models were established: Model 1 was unadjusted; Model 2 adjusted for sex, age, education and marital status; and Model 3 further adjusted for drinking status, smoking status, diabetes duration, regular exercise, diabetic dietary control, dyslipidemia, Uric acid, DMC, PAA, CHD, CVD, eGFR, systolic blood pressure (SBP), diastolic blood pressure (DBP), hemoglobin A1c (HbA1C), white blood cell count (WBC), hemoglobin (Hb), urea nitrogen related to creatinine (UREA/CREA), gamma-glutamyl transferase (GGT), alanine aminotransferase (ALT), and aspartate aminotransferase (AST) and the use of statins and diabetes medications. To address the issue of multiple comparisons, we applied Bonferroni correction to the results from logistic regression models.

To further investigate the potential nonlinear relationships between BMR and adjusted indices (BMR/Height², and BMR/BSA), body composition (VFA, PBF, FFM, and ASM), BMI, and WC with the risk of CI, we utilized a restricted cubic spline (RCS) model with the rms package in R. This model, based on generalized linear models, employs smooth curves to fit the data. The knots’ number and position were determined by the Akaike Information Criterion and data distribution characteristics, ensuring an optimal balance between fit and complexity. The model accounts for all the aforementioned confounding factors.

To explore the predictive performance of BMR-related indices on body composition, BMI, and WC concerning CI, we constructed Receiver Operating Characteristic (ROC) curves and calculated the area under the curve (AUC). We conducted bootstrap validation on the ROC analysis using 1000 resamples to ensure robust evaluation of the model’s predictive performance. We first plotted ROC curves for BMR-related indices (BMR, BMR/Height² and BMR/BSA), determining the AUC for each index, where a larger AUC indicates stronger predictive capability. Additionally, we also assessed the predictive performance of BMR-related indices when combined with body composition (VFA, PBF, FFM and ASM) or obesity indices (BMI and WC). We included the combination of joint indicators in the model, plotting combined predictive ROC curves and calculating the AUC for these combinations to compare against the performance of using BMR-related indices alone. Additionally, the DeLong test was employed to assess the AUCs across the different models.

In order to explore whether BMR can explain the inconsistency between muscle strength reduction and central obesity on CI in the background of fat accumulation, we performed a mediation analysis. This analysis assessed the potential mediating role of BMR/BSA in the relationship between body composition (FFM, ASM) and WC on CI. Using binary logistic regression as the foundational model, we utilized the mediation package to conduct the mediation effect analysis, applying a bootstrap method with 1,000 repetitions to estimate the Average causal mediation effect and average direct effect, along with bias-corrected confidence intervals. Through the mediation analysis, we decomposed the overall impact of body composition (FFM, ASM) and WC on cognitive impairment into direct effects and mediated effects via BMR/BSA, while also calculating the mediation proportions and significance testing. Additionally, we established multivariable adjusted models: Model 1 was unadjusted, while Model 2 accounted for all previously mentioned confounding factors. To enhance the robustness of our results, we also calculated E-values to assess the sensitivity of our findings to unmeasured confounding.

All statistical analyses were conducted using SPSS software (V. 25.0; IBM, Armonk, NY, USA) and R Studio software (version 4.3.2). The significance level was set as two-tailed, with a p-value of less than 0.05 indicating statistically significant differences.





3 Results



3.1 Clinical baseline characteristics

Table 1 presents the clinical baseline characteristics of 1,243 hospitalized patients aged 45 and older with T2DM, among whom 573 (46.1%) exhibited CI. In terms of demographic characteristics, the CI group was significantly older, had a lower marriage rate, and fewer years of education compared to the NC group (all P < 0.001). Additionally, regarding personal lifestyle and clinical features, the CI group was more likely to have poor dietary control of diabetes, a lower prevalence of PAA, and a higher prevalence of CVD (all P < 0.05). However, there were no significant differences in SBP, DBP, current smoking or drinking status, regular exercise, DMC, or insulin use (all P > 0.05). Laboratory tests indicated that liver enzymes (GGT, ALT), Hb, and eGFR were significantly lower in the CI group (all P < 0.05). Conversely, no significant differences were observed in glucose metabolism indicators (FBG and HbA1c), WBC, AST, uric acid, and UREA/CREA (all P > 0.05). In terms of anthropometric measurements and body composition analysis, the CI group exhibited higher WC and PBF, along with lower FFM and ASM (all P < 0.05). However, there were no significant differences in BMI and VFA. Regarding BMR-related indices, the CI group had significantly lower values for BMR, BMR/Height², and BMR/BSA (all P < 0.05).

Table 1 | Characteristics of the study population by cognition status.


[image: A comprehensive table displays characteristics of two groups: NC (Normal Cognitive, N=670) and CI (Cognitive Impairment, N=573). It includes categories such as age, sex, smoking and drinking status, education, diabetes duration, and exercise habits. Significant differences are marked with an asterisk. It also lists medical conditions like dyslipidemia, cardiovascular diseases, and diabetic controls. Antidiabetic agent usage is detailed, along with various lab measurements like HbA1C, WBC, and hemoglobin. Additional health metrics such as BMR and BMI are included, with significance values indicated.]



3.2 Comparison of BMR-related indices, body composition, and obesity indices by quartiles

Participants were divided into four subgroups based on quartiles of BMR-related indices (BMR, BMR/Height², and BMR/BSA), body composition (VFA, PBF, FFM, and ASM), and obesity indices (BMI and WC). The prevalence of CI was then calculated for each of the four subgroups. The results indicated a decreasing trend in CI prevalence with increasing levels of BMR, BMR/Height², BMR/BSA, FFM, and ASM (as seen in Figure 2). Notably, participants in the fourth quartile for these metabolic indicators had the lowest prevalence of CI compared to those in the other three quartiles (all P < 0.05).

[image: Bar chart showing the prevalence of CI by different indices: BMR, BMR/Height², BMR/BSA, BMI, WC, VFA, PBF, FFM, ASM. Each index has bars for Q1 to Q4 in shades of blue and pink. Significant differences are denoted by asterisks above certain groups.]
Figure 2 | Prevalence of CI grouped by quartiles of body composition, obesity indices, BMR-related indices. CI, cognitive impairment; BMI, body mass index; WC, waist circumference; VFA, visceral fat area; PBF, percentage of body fat; FFM, fat free mass; ASM, appendicular skeletal muscle; BMR, basal metabolic rate; BSA, body surface area. Quartiles of BMR, Q1: 1008.42–1283.53, Q2:1283.54–1437.54, Q3: 1437.55–1583.96, Q4: 1583.97–1746.25; quartiles of BMR/Height², Q1: 0.041–0.049, Q2: 0.050–0.052, Q3: 0.053–0.055, Q4: 0.056–0.061; quartiles of BMR/BSA, Q1: 464.80–722.74, Q2: 722.75–761.17, Q3: 761.18–801.95, Q4: 801.96–864.71; quartiles of BMI, Q1: 17.58–23.53, Q2:23.54–25.54, Q3: 25.55–28.03, Q4: 28.04–42.52; quartiles of WC, Q1: 58.5–85.0, Q2: 85.1–90.0, Q3: 90.1–97.8, Q4: 97.9–130.0; quartiles of VFA, Q1: 34.67–82.65, Q2: 82.66–100.54, Q3: 100.55–119.97, Q4: 119.98–219.66 quartiles of PBF, Q1: 14.82–25.41, Q2: 25.42–30.99, Q3: 31.00–36.26, Q4: 36.27–51.53; quartiles of FFM, Q1: 31.3–42.2, Q2: 42.3–49.4, Q3: 49.5–56.2, Q4: 56.3–63.7; quartiles of ASM, Q1: 11.11–16.80, Q2: 16.81–20.37, Q3: 20.38–23.76, Q4: 23.77–27.16. *P <0.05, **P <0.001.




3.3 Independent associations of BMR-related indices, obesity indices, body composition, and CI risk

This study employed multivariable-adjusted binary logistic regression analysis to explore the independent associations between BMR-related indices, body composition, obesity indices, and CI in middle-aged and older patients with T2DM. The results are presented in Figure 3. We categorized BMR and the adjusted related indices (BMR/Height² and BMR/BSA), body composition metrics (VFA, PBF, FFM, and ASM), and obesity indices (BMI and WC) into quartiles, using the first quartile as the reference group. In the unadjusted model, compared with the first quantile, BMR, BMR/Height², BMR/BSA, FFM, and ASM were significantly negatively correlated with CI risk when they were in the fourth quantile. Conversely, those in the fourth quartile for WC and PBF exhibited a significant positive correlation with CI risk (all P < 0.05). However, upon adjusting for demographic factors in Model 2, there was no significant association between body composition metrics (PBF, FFM, and ASM) and CI risk when positioned in the fourth quartile (all P > 0.05). Building on Model 2 by further adjusting for baseline differences and other metabolic risk factors, Model 3 retained the significant negative correlations between BMR, BMR/Height², BMR/BSA, FFM, and ASM with CI risk, alongside a significant positive correlation of WC with CI risk (all P < 0.05), generally demonstrating a clear linear trend in these associations. In Model 3, comparisons to the first quartile indicated that individuals with BMR (OR=0.458; 95% CI 0.266-0.790), BMR/Height² (OR=0.463; 95% CI 0.308-0.695), BMR/BSA (OR=0.457; 95% CI 0.275-0.760), FFM (OR=0.563; 95% CI 0.327-0.969), and ASM (OR=0.573; 95% CI 0.333-0.989) in the fourth quartile experienced a significant reduction in CI risk ranging from 42.7% to 54.3%. In contrast, individuals with WC in the fourth quartile faced a 1.6-fold increase in CI risk compared to those in the first quartile (OR=1.601; 95% CI 1.098-2.335). We performed Bonferroni correction to enhance the validity of the results (refer to Supplementary Material 1). The results indicated that in both Model 1 and Model 3, the fourth quartile of BMR, BMR/Height², and BMR/BSA was significantly associated with a lower risk of CI compared to the first quartile (all P < 0.05). The Hosmer-Lemeshow test results yielded a p-value of 0.567, indicating a good fit for the model.

[image: Forest plot comparing odds ratios (OR) and confidence intervals (CI) for different models and variables: BMR, BMR/HT, BMR/BSA, BMI, WC, VFA, PBF, FFM, and ASM. Three models are presented, each with OR, CI, and p-values for quartiles Q1 to Q4, showing significant trends and differences marked by asterisks.]
Figure 3 | Logistic regression analyses of the association of quartiles of BMR-related indices, body composition and obesity indices with CI. OR, Odds ratio; 95% CI, 95% confidence interval; BMI, body mass index; WC, waist circumference; VFA, visceral fat area; PBF, percentage of body fat; FFM, fat free mass; ASM, appendicular skeletal muscle; BMR, basal metabolic rate; BSA, body surface area; BMR/H2, basal metabolic rate per height squared; CI, cognitive impairment. Model 1 was unadjusted. Model 2 was adjusted for sex, age, education and marital status. Model 3 was further adjusted for drinking status, smoking status, diabetes duration, regular exercise, diabetic dietary control, dyslipidemia, SBP, DBP, DMC, PAA, CHD, CVD, HbA1C, WBC, Hb, UREA/CREA, UA, eGFR, GGT, ALT, AST, use of statins and use of diabetes medications. *P <0.05.




3.4 Nonlinear associations among BMR-related indices, obesity indices, body composition, and CI risk

This study utilized the RCS model to explore the potential non-linear associations between BMR and adjusted related indices (BMR/Height² and BMR/BSA), body composition metrics (VFA, PBF, FFM, and ASM), obesity indices (BMI and WC), and CI risk among middle-aged and older patients with T2DM. Adjustments were made for demographic factors, baseline differences, and other metabolic risk factors, with results presented in Figure 4. Consistent with the logistic regression findings, the dose-response relationship identified by the RCS model revealed significant negative correlations between BMR and the adjusted related indices (BMR/Height² and BMR/BSA) as well as body composition metrics (FFM and ASM) with CI risk. Specifically, as BMR, BMR/Height², BMR/BSA, FFM, and ASM increased, there was a significant linear decrease in CI risk, with no evident non-linear associations observed (all P overall < 0.05; all P nonlinear > 0.05). A slightly different result compared to logistic regression was that WC exhibited an inverted U-shaped curve association with CI risk (P overall = 0.013, P nonlinear = 0.016). Notably, we observed that when WC was ≤ 89.95 cm, the risk of CI increased with higher WC values; however, once WC exceeded 89.96 cm, the risk of CI began to decline as WC continued to rise.

[image: Nine line graphs showing the relationship between different body measurements and odds ratios. Graphs A to C depict negative linear trends for Basal Metabolic Rate (BMR), BMR/Height squared, and BMR/Body Surface Area respectively, with significant results. Graph D shows a non-significant trend for Body Mass Index (BMI). Graph E exhibits a significant non-linear trend for Waist Circumference (WC). Graph F shows a non-significant trend for Visceral Fat Area (VFA). Graph G shows a non-significant trend for Percent Body Fat (PBF). Graph H shows a significant linear trend for Fat-Free Mass (FFM). Graph I depicts a significant linear trend for Appendicular Skeletal Muscle (ASM). Confidence intervals are shaded.]
Figure 4 | Nonlinear analysis of body composition, obesity indices, BMR-related indices and CI risk in middle-aged and elderly patients with T2DM. Nonlinear associations between body composition, obesity-related indices, basal metabolic rate-related indices and cognitive impairment (CI) in middle-aged and elderly T2DM patients were explored using restricted cubic spline (RCS) models and fitted with smooth curves. The three basal metabolic rate-related indices were (A) basal metabolic rate (BMR), (B) Ratio of basal metabolic rate to height squared (BMR/Height2), and (C) Ratio of basal metabolic rate to body surface area (BMR/BSA). The two obesity-related indices were (D) body mass index (BMI) and (E) waist circumference (WC). The four body composition indices were (F) visceral fat area (VFA), (G) percentage of body fat (PBF), (H) fat free mass (FFM) and (I) appendicular skeletal muscle (ASM). The models were adjusted for sex, age, education, marital status, drinking status, smoking status, diabetes duration, regular exercise, diabetic dietary control, dyslipidemia, SBP, DBP, DMC, PAA, CHD, CVD, HbA1C, WBC, Hb, UREA/CREA, UA, eGFR, GGT, ALT, AST, use of statins and use of diabetes medications.




3.5 Evaluation of predictive ability of BMR-related indices and their combination with obesity indices and body composition for CI risk

This study assessed three BMR-related indices, as well as their combined use with obesity indices and body composition to predict CI in middle-aged and elderly patients with T2DM. The results are presented in Figure 5 and Table 2. Among all subjects, BMR, BMR/Height², and BMR/BSA, along with these indices in conjunction with BMI, WC, VFA, PBF, FFM, and ASM, significantly predicted CI in middle-aged and elderly T2DM patients (all P < 0.001). The AUC ranged from 0.585 to 0.645, with the highest AUC observed for the combination of BMR and FFM (AUC: 0.645; 95% CI: 0.615–0.677; P < 0.001). Using the maximum Youden’s index of 0.202, the cutoff value was determined to be 0.434. Utilizing the DeLong test to compare AUC values across different models revealed that the predictive ability for CI was significantly improved when combining BMR with WC, FFM, and ASM, compared to using a single BMR-related index. Specifically, the AUC range for the combination of BMR with WC was 0.627, while the AUC range for the combination with body composition indices (FFM and ASM) varied from 0.623 to 0.645. In contrast, the AUC range for individual BMR and adjusted related indices was only from 0.585 to 0.591.

[image: Four ROC curve graphs labeled A to D, displaying various variables against sensitivity and 1-specificity. Graph A includes BMR, BMR/Height², and BMR/BSA. Graph B presents BMR combined with BMI, WC, VFA, PBF, FFM, and ASM. Graph C shows BMR/Height² combined with BMI, WC, VFA, PBF, FFM, and ASM. Graph D features BMR/BSA combined with the same variables as Graph C. Each curve is colored differently with a diagonal reference line.]
Figure 5 | Predictive ability of BMR-related indices and their combination with obesity indices and body composition for CI in middle-aged and elderly patients with T2DM patients. (A) ROC curves illustrating the predictive ability of basal metabolic rate-related indices, including basal metabolic rate (BMR), Ratio of basal metabolic rate to height squared (BMR/Height2), and Ratio of basal metabolic rate to body surface area (BMR/BSA), for cognitive impairment (CI). (B) ROC curves showing the predictive ability of BMR in combination with obesity-related indices and body composition, including body mass index (BMI), waist circumference (WC), visceral fat area (VFA), percentage of body fat (PBF), fat free mass (FFM) and appendicular skeletal muscle (ASM), for CI. (C) ROC curves showing the predictive ability of BMR/Height2 in combination with obesity-related indices and body composition, (D) ROC curves showing the predictive ability of BMR/BSA in combination with obesity-related indices and body composition.

Table 2 | ROC analysis of BMR-related indices, body composition and obesity indices for predicting CI individually and in combination.


[image: Table compares various indices derived from basal metabolic rate (BMR) related metrics. Columns include AUC with confidence intervals, cut-off values, sensitivity, specificity, Youden Index, and P values. Rows list indices like BMR/Height\(^2\), BMR/BSA, and BMR/BMI. P values less than 0.05 indicate statistical significance.]



3.6 Mediating role of BMR/BSA in the impact of WC, FFM, and ASM on CI risk

This study investigates whether BMR/BSA can explain the inconsistent effects of reduced muscle mass and abdominal obesity on CI, particularly in the context of fat accumulation. As shown in Figure 6, we conducted a mediation analysis using BMR/BSA as the mediating factor to differentiate the total effects of WC, FFM, and ASM on CI into direct effects and the mediating effects of BMR/BSA. Regarding body composition metrics (FFM and ASM) affecting CI, we found that when BMR/BSA was included as a mediating factor, both models (Model 1 and Model 2) showed significant total effects of FFM and ASM on CI (with P-values < 0.05 for total effects). Additionally, there was a significant mediating effect of BMR/BSA (all P-values < 0.05), with the mediation proportion ranging from 45.73% to 47.37% after adjusting for covariates. Concerning the impact of WC on CI, when BMR/BSA was used as a mediating factor while adjusting for confounding factors, we found a significant mediating effect of BMR/BSA (P-value < 0.001), with a mediation proportion of 50.87%. However, no significant total effect was observed (P-value for total effect > 0.05).

[image: Forest plot showing mediation analysis results for BMR/BSA with three mediation variables: WC, FFM, and ASM. Each has estimates, confidence intervals, and p-values for mediation, direct, and total effects across two models. Significant values are marked with an asterisk. For WC, Model 1 shows a mediation effect of 19.78% and Model 2 of 50.87%. For FFM, Model 1 shows 61.45% and Model 2 shows 47.37%. For ASM, Model 1 shows 64.63% and Model 2 shows 45.73%.]
Figure 6 | Mediation analysis of BMR/BSA in the impact of WC and body composition on CI in middle-aged and elderly patients. FFM, fat free mass; ASM, appendicular skeletal muscle; WC, waist circumference; BMR, basal metabolic rate; BSA, body surface area; CI, cognitive impairment. Mediation analysis was conducted using BMR/BSA as mediators. The total effect of body composition (FFM, ASM) and WC on CI was divided into direct effects and mediation effects through BMR/BSA. The mediation proportion and statistical significance were calculated. Model 1 was unadjusted. Model 2 was adjusted for sex, age, education, marital status, drinking status, smoking status, diabetes duration, regular exercise, diabetic dietary control, dyslipidemia, SBP, DBP, DMC, PAA, CHD, CVD, HbA1C, WBC, Hb, UREA/CREA, UA, eGFR, GGT, ALT, AST, use of statins and use of diabetes medications. In Model 1, the mediating effect E-value for WC is 2.39, for FFM is 2.85, and for ASM is 3.18. In Model 2, the mediating effect E-value for WC is 2.89, for FFM is 2.58, and for ASM is 3.03. *P <0.05.





4 Discussion

This study analyzed the associations between BMR-related indices (BMR, BMR/Height², and BMR/BSA), body composition (VFA, PBF, FFM, and ASM), obesity indicators (BMI and WC), and CI in middle-aged and older patients with T2DM using various models. Results revealed that CI patients had significantly lower levels of BMR, BMR/Height², BMR/BSA, ASM, and FFM compared to the NC group, while WC and PBF were higher. Multivariable-adjusted binary logistic regression and nonlinear analysis demonstrated a linear decrease in CI risk with increasing levels of BMR, BMR/Height², and BMR/BSA. Additionally, RCS curve analysis indicated a nonlinear association between WC and CI risk, presenting an inverted U-shaped curve with a turning point at 89.95 cm (P overall = 0.013, P nonlinear = 0.016). To explore whether BMR is a potential factor underlying the inconsistent effects of reduced muscle mass and central obesity on CI, we conducted ROC curve analysis and mediation analysis using combined indices. The ROC analysis demonstrated better predictive performance for CI when combining BMR-related indices with body composition or obesity indicators, with the joint analysis of BMR and FFM yielding the highest AUC of 0.645. These findings suggest that the coexistence of abnormal metabolism related to fat accumulation, reduced muscle mass, and altered BMR status may significantly increase the risk of CI. Furthermore, mediation analysis indicated that BMR/BSA plays a significant mediating role in the impact of WC, FFM, and ASM on CI risk, with mediation proportions ranging from 45.73% to 50.87%. This suggests that, in the context of fat accumulation, BMR may be a crucial explanatory factor for why reduced muscle mass and central obesity become significant risk factors for CI.

Previous studies have explored the relationship between BMR and neurodegenerative diseases, primarily focusing on the general population. For instance, a prospective study found low BMR as a significant risk factor for mild cognitive impairment (32). Additionally, a Mendelian randomization study indicated that lower BMR significantly increases the risk of Alzheimer’s disease (43). In contrast, our research extends these findings to middle-aged and older adults with T2DM. Our results are consistent with previous studies, indicating that lower BMR, BMR/Height², and BMR/BSA are all significantly associated with the risk of CI. This association may be attributed to insufficient energy supply leading to Aβ deposition, mitochondrial dysfunction, and impaired glucose metabolism, which in turn increases neuronal vulnerability and ultimately results in cognitive decline (44, 45). Therefore, our study further confirms the impact of low BMR on CI among middle-aged and older T2DM patients and emphasizes the importance of metabolic interventions targeting this high-risk population.

The relationship between WC as an indicator of central obesity and muscle mass reflected by ASM and FFM in relation to CI has been a topic of debate. Some studies suggest that both central obesity and decreased muscle mass consistently impact CI, significantly increasing the risk of CI. For instance, a meta-analysis involving 5,060,687 participants demonstrated that central obesity, characterized primarily by increased WC, significantly heightens the risk of CI (23). Several cross-sectional studies have also demonstrated that central obesity is a risk factor for CI (24, 46). Moreover, another meta-analysis found a significant association between decreased muscle mass and the risk of CI (47), while multiple cross-sectional studies further revealed a link between reduced muscle mass and cognitive decline (48, 49). However, some research suggests that neither central obesity nor muscle mass reduction is related to CI (25–27, 50). Our findings align with the former perspective: CI patients exhibited lower ASM and FFM alongside higher WC. Multivariable-adjusted RCS analyses indicated that increasing ASM and FFM levels correlated with a decreasing risk of CI among middle-aged and older T2DM adults. Nonetheless, previous studies have not thoroughly investigated the potential interactions between central obesity and muscle mass reduction. Our mediation analysis results indicate that BMR adjusted for BSA plays a significant mediating role in the relationship between WC, FFM, ASM, and CI risk, with mediation effects ranging from 45.73% to 50.87%. Related animal studies have shown a close link between fat accumulation and reduced energy expenditure (51, 52). Previous prospective and cross-sectional studies have highlighted that low BMR may increase the risk of cognitive decline, vascular dementia, and Alzheimer’s disease (32, 38, 53). Therefore, in middle-aged and older T2DM patients, BMR in the context of abnormal fat accumulation may be a critical factor contributing to the conflicting effects of central obesity and muscle mass reduction on CI.

This study found that BMR, BMR/Height², and BMR/BSA significantly predict CI in middle-aged and older patients with T2DM, with BMR showing the highest predictive effectiveness (AUC of 0.591). This aligns with research by Wang X et al., which also reported strong predictive capability of BMR for CI in individuals aged 65 to 85 years (32). Most current studies focus on the predictive abilities of individual BMR-related indices for various health outcomes. For example, Soysal P et al. demonstrated that BMR has good accuracy in predicting sarcopenia (38). Hsu W H et al. found that BMR provides stronger predictive value for osteoporosis in postmenopausal women (54). Similarly, Mao T Y et al. noted that BMR effectively predicts successful aging in older adults (55). Notably, there has been no research comparing the combined predictive efficacy of BMR with obesity indices or body composition in relation to CI risk. The ROC curve analysis in this study indicates that the combined predictive ability of BMR with body composition measures (FFM and ASM) or obesity indices (WC) significantly outperformed that of a single BMR- related index. Among these combinations, BMR combined with FFM demonstrated the highest predictive ability, with an AUC of 0.645. These results suggest that central obesity or low muscle mass, combined with low basal metabolic rate, may be significant risk factors for increased CI in middle-aged and older patients with T2DM. Although diabetic patients often exhibit insulin resistance and high resting energy expenditure (56), seemingly indicating a state of high energy metabolism, many patients actually experience an increase in body fat percentage alongside a decrease in muscle mass, ultimately leading to a reduction in overall BMR. This phenomenon is closely related to multiple factors, including the release of chronic low-grade inflammatory markers, excessive induction of reactive oxygen species, hepatic glucose production, abnormal fat distribution and metabolism, and long-term muscle wasting, which collectively reduce energy expenditure and significantly lower BMR (16–18). This study underscores the importance of using BMR-related indices in conjunction with obesity indices or body composition measures to predict CI risk in middle-aged and older T2DM patients. This finding emphasizes the need to consider BMR, muscle mass, and fat distribution comprehensively in diabetes management to effectively reduce the risk of CI and further improve patients’ overall health status.




5 Strengths and limitations

This study is the first to employ a mediation analysis model to systematically explore the comprehensive effects and interactions of BMR in relation to the risks of CI among middle-aged and older patients with T2DM due to declines in muscle strength and central obesity. Our findings provide new insights for developing more rational treatment strategies for CI. However, we acknowledge that our cross-sectional design imposes significant limitations on our ability to establish causal relationships, especially in the context of mediation analysis, which relies on the assumption of temporal precedence. Without establishing the temporal order of the variables, the validity of the mediation pathway is compromised, thereby increasing the likelihood of reverse causation. Moreover, limitations in the variables studied hinder a comprehensive understanding of the relationship between BMR and CI. Furthermore, the regional specificity of the sample may impact the generalizability of the results. To address these limitations, future research should adopt a prospective cohort design and focus on managing lifestyle factors and BMR for effective CI interventions in T2DM patients. Such longitudinal studies will be crucial for validating our mediation findings and establishing causal pathways.




6 Conclusion

The findings of this study indicate that low BMR is an independent risk factor for increased CI in middle-aged and older patients with T2DM. The combination of BMR and FFM is more effective in predicting CI. Furthermore, BMR/BSA serves as a significant mediating factor in the relationship between central obesity (WC), reduced muscle mass (ASM, and FFM), and the increased risk of CI. These results underscore the importance of integrated management of central obesity, muscle mass reduction, and BMR to effectively lower the risk of CI in patients with T2DM.
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Extracellular vesicles (EVs) are small vesicles released by cells into the surrounding environment, carrying biomolecules such as proteins, miRNA, etc., involved in intercellular communication and regulation of biological processes. With the continuous increase in the prevalence of diabetes, research on the relationship between extracellular vesicles and diabetes has attracted widespread attention. In this article, we specifically focus on the metabolic abnormalities related to EVs and diabetes, including obesity, inflammation, insulin resistance, β-cell damage, etc. We aim to explore how extracellular vesicles participate in the occurrence and development of diabetic complications, comprehensively examining the interactions between extracellular vesicles and key aspects of diabetes, forming a comprehensive and profound research framework. This is expected to provide important clues and insights for deepening our understanding of the pathophysiological mechanisms of diabetes.
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1 Introduction

Diabetes is a chronic metabolic disease characterized by persistently elevated glucose levels in the blood. The main types of diabetes include type 1 diabetes, type 2 diabetes, gestational diabetes, and specific types of diabetes (1, 2). Among these, type 2 diabetes mellitus (T2DM) has the greatest impact, accounting for approximately 96% of all diabetes cases (3, 4). Globally, type 2 diabetes continues to pose a serious threat to public health and economic development, with global healthcare expenditures expected to exceed $1.05 trillion by 2045 (4). Type 2 diabetes is primarily caused by insulin resistance and/or insufficient insulin secretion, with progressive apoptosis of pancreatic β-cells playing a key role (5). Furthermore, poor glycemic control in patients with type 2 diabetes can lead to complications in both large and small blood vessels (5–7), which can result in heart attacks, strokes, kidney failure, and blindness, significantly increasing disability and mortality rates in these patients (6, 8). The continuous rise in these non-communicable diseases not only impacts individual health but also poses profound challenges to global economic and social development.

At present, the complex pathogenesis of type 2 diabetes has not been fully understood, and its complexity makes it difficult for a single or combined drug therapy to completely cure or halt its progression (9). Current hypoglycemic drugs mainly focus on blood sugar control and improving insulin sensitivity, but they do not effectively address the comprehensive pathological mechanisms of diabetes, such as inflammation, oxidative stress, and β-cell apoptosis. Moreover, current antidiabetic drugs often have side effects, resistance, and limitations in reversing the outcomes of complications (9–13). Significant individual differences among diabetic patients make it difficult for existing treatments to achieve precise and personalized interventions, leading some patients to fail to achieve optimal outcomes with current therapies (9). Therefore, exploring new therapeutic approaches to more comprehensively regulate the multiple pathological mechanisms of diabetes is particularly necessary. In this context, extracellular vesicles (EVs) have gradually attracted the attention of researchers.

Extracellular vesicles (EVs) are small membrane-bound vesicles released by cells into the extracellular environment, typically ranging in diameter from 30 nanometers to 1 micrometer. EVs mainly include exosomes (30–150 nm, released by multivesicular bodies), microvesicles (100–1000 nm, budding from the plasma membrane), and apoptotic bodies (500 nm to several micrometers, released by apoptotic cells) (14). As key mediators of intercellular communication, EVs can carry various bioactive molecules such as proteins, lipids, and miRNAs (14), exhibit strong targeted delivery capabilities, and are widely involved in intercellular communication and signal regulation. They directly participate in the regulation of core pathological mechanisms, such as cellular metabolism, inflammatory responses, and the protection of β-cell function (15). In Figures 1–3 and Table 1 of this article, we have summarized the mechanisms of EVs generation, the inter-organ crosstalk mediated by EVs, and the specific mechanisms by which the cargo of EVs induces diabetic vascular complications, aiming to explore the important roles of EVs in both physiological and pathological conditions. Given their unique multifunctionality and targeting capabilities, EV therapies have shown great potential in the treatment of diabetes and its complications. They not only address the complex pathological mechanisms that current drugs cannot solve but also have the potential to slow or even reverse the progression of complications (16). The ability to extract EVs from a patient’s own cells also offers great potential for personalized treatment, providing new ideas and insights for future long-term personalized precision therapies (16). Therefore, in-depth exploration of the mechanisms of EVs in diabetes and their clinical application prospects is of great significance. In the future, through in-depth research on the role of EVs in diabetes and its complications and the continuous exploration of emerging delivery materials, we may discover new therapeutic targets, opening new directions for personalized treatment and drug development.

[image: Illustration of the cell-to-cell transmission mechanism, showing pathways and structures like endosomes, lysosomes, proteins, and exosomes. Labels indicate elements such as ESCRT, Hsc70, CMA, P53, TSAP6, and various proteins. Arrows depict movement from early endosomes to late endosomes, leading to multivesicular bodies (MVBs) and lysosomes. Additional details include calcium ions, a receptor, and a 30 to 100 nanometer range. The diagram highlights roles of DNA, RNA, miRNA, recycling mechanisms, and specific molecules in cellular processes.]
Figure 1 | Biogenesis of EVs.

[image: Diagram illustrating the effects of various microRNAs on insulin resistance and secretion, fat synthesis, lipid storage, and glucose uptake. It shows interactions involving organs like liver, pancreas, adipose tissue, and intestines, highlighting pathways such as miR-130a-3p affecting fat synthesis, miR-99b influencing insulin resistance, and others impacting insulin sensitivity and secretion. The image includes cellular elements like adipocytes and beta cells, with arrows indicating the direction of influence or inhibition among these components.]
Figure 2 | Summary of EV-mediated crosstalk between organs.

[image: Diagram illustrating the cellular and molecular mechanisms involved in atherosclerosis. It includes exosomes, adipocytes, and macrophages, showing interactions with molecules like adiponectin, TNF-α, and ROS. Arrows and labels detail pathways linked to apoptosis, VSMC proliferation, insulin signaling, and oxidative stress, emphasizing roles of miRNAs, GLUT4, and IRS pathways. Hyperglycemia and oxidative stress are highlighted in atherosclerosis development, showcasing processes like p38 phosphorylation and phenotypic switching.]
Figure 3 | Key roles of EVs in insulin resistance, inflammation, and atherosclerosis.

Table 1 | miRNA cargo in EVs, associated diseases, effects/targets, and sources.
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2 EVs and diabetes



2.1 Potential mechanistic links between EVs and type 2 diabetes

The ESCRT complex and its associated components, along with SNARE proteins, are involved in the formation of extracellular vesicles (EVs) and influence EV-mediated inflammation and oxidative stress, neutrophil lipophagy, lipogenesis, and insulin-stimulated glucose uptake (17–19). For example, SNARE proteins regulate the release of EVs by forming complexes, unwinding structures, membrane fusion, and NSF-mediated complex dissociation, participating in insulin and GLP-1 secretion, as well as GLUT4-mediated glucose uptake, maintaining glucose homeostasis (20). The levels of SNARE protein components (such as SNAP-23 and VAMP2) have been observed to decrease in the islets of diabetic patients, which is closely related to insulin secretion defects, insulin resistance, and impairments involving GLUT4 translocation in these patients (20). MLKL and HSP20 have been shown to interact with ESCRT components to co-regulate EV formation (21–23). Under diabetic conditions, MLKL is upregulated in various tissues. In addition to its pro-inflammatory and cell necroptosis effects, MLKL can independently regulate insulin sensitivity in diabetic mice (24). Meanwhile, HSP20 is downregulated in type 2 diabetes (T2D), and its reduction is considered a major driver of diabetes-related organ damage, while its high expression is associated with improvements in diabetic cardiomyopathy (25).

The plasma membrane undergoes inward budding to form early endosomes, which mature into late endosomes. As this process occurs, intraluminal vesicles (ILVs) are formed through inward budding within the endosome. This process is regulated by proteins such as the endosomal sorting complexes required for transport (ESCRT) system. Ubiquitinated proteins tag specific proteins, facilitating the recognition of late endosomes by the endosomal system, which further develops into multivesicular bodies (MVBs). MVBs either fuse with lysosomes, where they are degraded via the chaperone-mediated autophagy (CMA) pathway with the involvement of Hsc70 (a heat shock protein), or they fuse with the plasma membrane, releasing the ILVs into the extracellular space as EVs. These EVs typically range in size from 30 to 100 nm and contain proteins, lipids, and nucleic acids such as RNA and DNA. Once released, EVs can interact with recipient cells, influencing various biological processes such as immune responses, metabolic regulation, and cell signaling.




2.2 EVs and their contents (proteins, RNA) in type 2 diabetes

Diabetic conditions can affect the protein cargo composition of extracellular vesicles (EVs) (26). A longitudinal cohort study (27) indicated that, in a diabetic state, EVs in plasma contain higher levels of inflammation-related proteins (such as Vascular Endothelial Growth Factor A), which promote the formation and migration of endothelial cell pseudopodia, induce vascular dysfunction, and are significantly associated with β-cell function and insulin resistance. Furthermore, animal experiments (28) confirmed that EVs rich in arginase 1 in the serum of diabetic mice could induce vascular lesions in non-diabetic mice by altering the bioavailability of NO, and this harmful effect was significantly reduced after silencing. Previous studies have shown that caveolin-1, a structural protein on the endothelial cell membrane, regulates NO signaling, and NO is closely linked to the regulation of vascular junctional proteins. In its inactive state, Cav-1 directly binds to eNOS through the Scaffolding Domain, inhibiting eNOS activity, preventing its conformational change, and reducing the binding of calmodulin to eNOS, thereby decreasing NO synthesis and bioavailability, impairing vascular function (29). Animal experiments have shown that miR-195 can downregulate eNOS expression by inhibiting SIRT1 (an NAD-dependent deacetylase), affecting transcription factors (such as p53 and NF-κB) to induce metabolic disorders, inflammation, and oxidative stress (30, 31). Based on all previously mentioned points, we propose the following interesting hypothesis to establish the diabetes EVs—Cav-1—NO axis: Diabetic EVs may regulate the expression level of Cav-1 by carrying specific microRNAs, leading to dysregulated eNOS activity and NO bioavailability. The inflammatory response triggered by the molecular cargo of diabetic EVs could even exacerbate the Cav-1 and eNOS interaction disorder through oxidative stress pathways, promoting the development of vascular lesions. Although there is currently a lack of more detailed evidence, this intriguing chain hypothesis points to potential future research directions.

Caveolin-1, CD82, and post-translational modifications (PTMs) play crucial roles in the development of diabetes (32–34). Proteins in EVs are involved in regulating tissue responses to systemic nutritional changes. The endothelial-adipocyte extracellular vesicle axis exists in humans and is controlled by metabolic status (34, 35). Adjacent endothelial cells (ECs) transfer cav1 (caveolin-1) to adipocytes via EVs, with adipocytes interacting with ECs by releasing EVs, creating a reciprocal motion (34, 35). EVs derived from adipose tissue (AT) contain proteins that can regulate cell signaling pathways. This mechanism is modulated by physiological factors such as fasting/refeeding and obesity (34, 35). Under high-glucose conditions, activation of Akt and RhoA requires phosphorylation of caveolin-1 in mesangial cells. Akt and RhoA are associated with insulin resistance and glucose metabolism abnormalities in type 2 diabetes (34). Hypoxia-induced phosphorylation of caveolin-1 promotes the increased release of EVs and sorting of miRNA cargo, which may affect glucose metabolism and insulin signaling (36). Under lipotoxic conditions, CD63 mediates insulin degradation in β-cells, promoting the development of type 2 diabetes (25), while the upregulation of CD63 may be associated with diabetes-related atherosclerosis due to platelet activation (37). Moreover, studies have shown that circulating EVs in the plasma of obese/insulin-resistant patients contain more inflammation and insulin resistance-related proteins (SDCB1, TGFB1). After exercise, EVs showed significant increases in insulin sensitivity-related proteins (PKA, PLC) and oxidative metabolism-related proteins (PRDX1/2, G6PD2, SOD2) (38).

Increasing evidence suggests that miRNAs can bind to EVs and be secreted into the extracellular space, where they are protected from degradation and can circulate stably in the bloodstream (39). Therefore, miRNAs are key carriers of EVs. Circulating EVs carrying specific miRNAs regulate interactions between muscle, fat, immune cells, and stromal cells, influencing the development of type 2 diabetes (39).

MiRNAs intervene in the expression of insulin genes and insulin secretion through various pathways. miRNAs (such as miR-130 and miR-152) regulate insulin expression and secretion by targeting key catalytic enzymes in β-cell ATP generation and glucose metabolism pathways (39). miRNAs broadly interfere with the transcription of insulin genes, such as miR-802 and miR-124a, which inhibit insulin gene transcription by targeting NEUROD1, while miR-30d/26/186 promote insulin gene expression by acting on transcription factors that inhibit insulin transcription (40, 41).

Insulin granules are released through calcium-dependent exocytosis; however, current research evidence suggests that miRNAs appear to play a minimal role in regulating this process. Instead, miRNAs primarily play an important role in reducing the expression of various exocytosis-related genes (e.g., SNARE complex, VAMP2) (42). Under stimulation signals (e.g., calcium influx caused by hyperglycemia), insulin storage vesicles approach the pancreatic β-cell membrane. Syntaxin and SNAP-25 are located on the cell membrane, while VAMP is located on the vesicle membrane. These SNARE proteins form a SNARE complex through mutual interactions, allowing tight contact between the vesicle and the cell membrane, triggering membrane fusion, and ultimately leading to the release of insulin from the vesicle into the extracellular space (43). Animal studies have confirmed that miR-375 regulates the remodeling of the cell protein cytoskeleton and the fusion of secretory vesicles with the cell membrane by targeting myotrophin (a muscle trophic protein) and actin (F-actin), promoting insulin secretion. This process is mainly achieved by reducing the expression of exocytosis-related genes (43).

In the human body, GLP-1 binds to its receptor (GLP-1R), activating G protein-coupled receptor (GPCR) signaling pathways, which in turn activate adenylate cyclase, increasing intracellular cAMP levels, and activating downstream signaling molecules such as protein kinase A (PKA) and the SNARE complex. These complexes directly participate in the fusion and release of insulin vesicles. It has been confirmed that the 3′UTR of GLP-1R is a direct target of miR-204 (44). miR-9 and miR-29 participate in the negative regulation of insulin secretion mediated by granule-associated protein by targeting the transcription factor Onecut2 (45, 46), while miR-24 and miR-96 directly regulate insulin vesicle exocytosis by affecting exocytosis proteins such as SNAP and rab3a (47).

T2DM is a metabolic disease closely related to chronic low-grade inflammation, with macrophages playing a crucial role in this inflammatory response, and miRNAs are closely associated with inflammation. The lncRNA MALAT1 secreted by macrophages cultured under high glucose concentrations may be related to the progression and inflammatory state of T2DM (48). Exosomal lncRNA MALAT1 acts as a “sponge” for miR-150-5p, weakening its function on downstream target genes by binding and inhibiting miR-150-5p, thus affecting the expression of related proteins (e.g., resistin), which may promote the progression of diabetes and its complications through inflammation-mediated mechanisms (48).

Circulating EVs transport a range of miRNAs, such as miR-122 and miR-27, which target PPARα, inducing liver insulin resistance, mild inflammation, and lipid abnormalities (49, 50). Circulating EVs carrying lncRNA-p3134 levels are higher in T2DM patients than in non-T2DM patients and are correlated with fasting glucose and HOMA-β levels (51). Studies have found that lncRNA-p3134 positively regulates glucose-stimulated insulin secretion by promoting the expression of key regulatory factors (Pdx-1, MafA, GLUT2, Tcf712) in β-cells (51). Plasma miR-130a, which targets the AKT-GLUT4 pathway, improves glucose uptake and utilization (37), while lymphocyte-derived EVs rich in miR-155 and miR-142-5p can promote β-cell dysfunction in the pancreas (52). 




2.3 Functions of EVs from different tissue sources in type 2 diabetes



2.3.1 Adipocytes

Extracellular vesicles (EVs) from adipose tissue can regulate metabolic homeostasis (26, 79). In EVs derived from the adipose tissue of obese individuals, the expression of miRNA-222 is upregulated, inhibiting the translocation of GLUT4 to the cell membrane, thereby affecting glucose uptake by cells and leading to insulin resistance (80). The miRNA-222 contained in EVs may also trigger lipid metabolism disorders, and its content in EVs is positively correlated with the degree of obesity (80, 81). Additionally, EVs from adipose tissue macrophages transfer miR-155 to insulin receptor cells, targeting PPARγ, impairing insulin signaling, and promoting obesity-induced insulin resistance (81). Compared to healthy individuals, obese individuals with cardiovascular diseases release more EVs from adipose tissue, which are characterized by elevated levels of cystatin C and decreased levels of CD14. Cystatin C is considered an independent risk factor for cardiovascular disease, especially among diabetic patients, potentially involving mechanisms such as deteriorating renal function and atherosclerosis (82). The levels of CD14 in circulating EVs have been observed to correlate positively with leptin (82). While leptin regulates fatty acid release and utilization in adipose tissue, improving glucose uptake and utilization in peripheral tissues and regulating insulin sensitivity, the direct relationship between CD14 and diabetes progression requires further research and evaluation (82). EVs in the adipose tissue of patients can mediate insulin resistance and inflammation, inducing diseases such as non-alcoholic fatty liver disease (NAFLD). Studies have shown that EVs from subcutaneous and omental adipocytes can influence insulin signaling in the liver (82, 83). Moreover, these EVs can regulate the expression levels of gluconeogenic genes such as PEPCK, and the number of EVs from omental adipose tissue has been positively correlated with the degree of liver dysfunction (82, 84). Another study showed that EVs from visceral fat can act on HepG2 cells in the liver, upregulating the expression of TIMP-1 and downregulating MMP-7, regulating extracellular matrix deposition and changes, and inducing liver fibrosis (85). EVs from the adipose tissue of obese individuals induce TGF-β pathway imbalance in HHSteC and HepG2 cells by upregulating TIMP-1 and integrin αvβ-8, a phenomenon not observed in lean individuals’ EVs (85). Adipocyte-derived EVs from obese individuals can induce lipid droplet deposition by delivering neutral fatty acids and trigger endoplasmic reticulum stress and hepatic steatosis through the delivery of lipogenic enzymes and miRNAs (86, 87).




2.3.2 Hepatocytes

EVs released by hepatocytes under lipotoxic conditions are closely associated with liver inflammation and fibrosis. Hepatocytes release pro-inflammatory EVs, such as those containing CXCL10 protein, S1P, TRAIL, integrin β1, and ceramides, which induce chemotaxis of Kupffer cells, activating pro-inflammatory pathways like NLRP3 and ASC, leading to liver inflammation and fibrosis (82, 88–91). The release of hepatocyte EVs is partially regulated by endoplasmic reticulum stress, such as the accumulation of ceramide metabolites like S61P, which further triggers inflammation (92). These pro-inflammatory EVs can also be absorbed by macrophages and hematopoietic stem cells, worsening liver conditions (92). Some important miRNAs, such as miR-7, let-5e-31p, miR-5-210p, and miR-3-130p, when delivered to adipocytes via hepatocyte EVs, may induce adipocyte remodeling, increasing the expression of lipogenic genes and promoting obesity (91, 92).




2.3.3 Islet cells

Under lipotoxic conditions, β-cells experience cholesterol metabolism disorders. In this state, the overexpression of NF-κB and COX-2 may lead to inflammation of the islet microenvironment, while the downregulation of PDX-1 affects insulin secretion capacity (93). High LDL levels affect the cargo sorting of islet cell EVs, inducing insulin resistance by downregulating the mTOR/p70S6Kα pathway (93). Studies have shown that exosomes derived from the pancreas can transfer Mut-Reg1cp to peripheral tissues, promoting insulin resistance by inhibiting AdipoR1 translation and adiponectin signaling (94). In β-cell EVs, the downregulation of miR-26a and upregulation of miR-16/29/155 lead to insulin resistance in the liver and adipose tissues, and monocytes are transformed into inflammatory macrophages. EVs in the plasma of obese individuals may influence β-cell proliferation by regulating the expression of the CD74 gene mediated by miR-7218-5p (95). In insulin resistance, exosomes isolated from the skeletal muscle of obese individuals can bind to Ptch1 3’-UTR in β-cells, downregulating Ptch1 and promoting islet proliferation, with miR-16 playing a key role (96, 97).





2.4 Mechanisms of EV-mediated metabolic dysregulation in diabetes



2.4.1 EVs in obesity and insulin resistance

Functional pro-insulin proteins in EVs derived from adipocytes of obese/insulin-resistant individuals have been shown to act as messengers in glucose metabolism regulation, transferring to β-cells, and promoting GPCR/cAMP/PKA signaling through kinase phosphorylation, stimulating insulin secretion. Through this mechanism, β-cells detect insulin resistance in adipose tissue and, if necessary, increase insulin secretion (98). Clinically, the RNA components of EVs derived from endothelial cells, platelets, and monocytes in the plasma of some obese individuals change, which may be closely related to abnormal leptin levels. Abnormal leptin levels lead to AMPK inactivation, affecting insulin signaling. Obesity also leads to the accumulation of pro-inflammatory macrophages in adipose tissue, which secrete pro-inflammatory EVs containing RNA, inhibiting insulin sensitivity in cells (99). Sonic hedgehog (Shh) in exosomes derived from insulin-resistant adipocytes (IRADEs) is a key regulator of M1 macrophage polarization, mediated by the Ptch/PI3K signaling cascade (99). Macrophages treated with IRADE-derived EVs promote insulin resistance in adipose tissue by reducing the expression of insulin receptor substrate-1 (IRS-1) and hormone-sensitive lipase (HSL) (100). EVs from visceral and subcutaneous adipose tissue can target cells marked by FABP4 and CD14, regulating the gene expression of TGF-β and Wnt/β-catenin, impacting insulin signaling and endothelial cell migration processes (101). EVs from the adipose tissue of obese individuals contain miR-141-3p and various adipokines, such as MCP-1, MIF, and IL-6, all of which are involved in regulating insulin signaling (102).




2.4.2 EVs and β-cell apoptosis



2.4.2.1 miRNAs in EVs, inflammation, and β-cell damage

In the early stages of diabetes, certain miRNAs enriched in EVs target key genes that protect β-cell function (103). High glucose levels and inflammation regulate this pattern, leading to the enrichment of specific miRNAs in EVs, contributing to β-cell dysfunction. Experiments show that co-administration of inflammatory factors, such as IL-1β, TNF-α, and INF-γ, causes β-cell damage. In the pancreatic tissue of β-cell-damaged mice, the expression levels of miR-375-3p in EVs released from the pancreas changed significantly (104). Under inflammatory conditions, the miRNA profile of EVs released by MIN6B1 cells (capable of insulin secretion) extracted from mouse embryonic islets also showed significant changes, with miRNAs like miR-146b, miR-290a-3p, miR-195, and miR-497, which are involved in β-cell apoptosis, significantly increasing (103). The increase in monocyte chemoattractant protein 1 and interleukin 27 in islet cell vesicles under inflammatory conditions also induces β-cell damage. Exosomes from fatty liver cells promote β-cell apoptosis by targeting insulin substrate receptor 2 via miRNA-126a-3p, inducing diabetes (105). In contrast, EVs from mesenchymal stem cells overexpressing HIF-1α alleviate hypoxia-induced β-cell apoptosis and senescence through protective autophagy mediated by YTHDF1 (106).




2.4.2.2 EV-mediated crosstalk between β-cells and other tissue cells

Crosstalk refers to the process by which cells influence and communicate with each other through direct contact or the release of signaling molecules. This can involve the release of chemical signals by one cell, affecting the physiological state of nearby cells, or direct cell contact transmitting information. In the context of type 2 diabetes (T2DM), EV-mediated crosstalk involves interactions between β-cells and mesenchymal stem cells, skeletal muscle cells, and adipocytes.



2.4.2.2.1 Crosstalk between β-cells and mesenchymal stem cells

Higher levels of insulin transcripts and C-peptide have been observed in mesenchymal stem cells from T2D patients, but they do not significantly contribute to β-cell insulin secretion in the body (107). Extracellular vesicles (EVs) from mesenchymal stem cells of healthy donors may alleviate β-cell damage caused by autoimmune processes, inflammation, and oxidative stress (108–111). These stem cells can be isolated from human umbilical cord blood, umbilical cords, and adipose tissue (106, 108, 109). In T2DM rodent models, EVs from human umbilical cord mesenchymal stem cells can restore phosphorylation of protein kinase B and IRS, upregulate glucose transporter 4 (GLUT4) expression, promote glycogen synthesis in the liver, maintain glucose metabolism homeostasis, and reverse streptozotocin-induced β-cell apoptosis (112). In porcine islets, EVs from mesenchymal stem cells can prevent β-cell damage caused by hypoxia and oxidative stress after transplantation (109). In β-cells cultured under hypoxic conditions, apoptosis rates increased. However, miRNA-15 in EVs from stem cells was found to protect cells from apoptosis and downregulate endoplasmic reticulum stress (113). Additionally, by transporting proteins in the AKT pathway, exosomes from mesenchymal stem cells inhibit nuclear factor erythroid 2–related factor 2 (Nrf2)-mediated ferroptosis in β-cells, reducing β-cell apoptosis. After polyethylene glycol modification, these exosomes can target islet cells more efficiently, enhancing their protective effects (114, 115).




2.4.2.2.2 Crosstalk between β-cells and muscle cells

Regular exercise has been shown to reduce the incidence of T2D, and the crosstalk between skeletal muscle and β-cells is integral to this effect. EVs released from skeletal muscle after exercise have positive effects on the pancreas (104, 116, 117). Several studies have confirmed the crosstalk between β-cells and muscle cells. Exosomes from palmitate-induced insulin-resistant skeletal muscle in mice were observed to be absorbed by mouse islets or MIN6B1 cells (96). In another study, researchers extracted EVs from the skeletal muscle of palmitate-fed mice, injected them into the tibialis anterior muscle, and tracked them using fluorescent labeling technology. They found that these skeletal muscle-derived EVs accumulated more in the pancreas and muscle, with less accumulation in the liver and spleen (96). In vitro experiments showed that skeletal muscle-derived EVs could transfer their cargo to MIN6B1 and 3T3-L1 cells, further validating this crosstalk mechanism (96, 104). EVs extracted from the skeletal muscle of palmitate-fed mice were found to contain higher levels of miR-16, which downregulates the key gene Pitch, delaying T2D progression (96, 104). miR-20b-5p was highly expressed in human myotube cell lines and is involved in glucose metabolism homeostasis (118). This miRNA was also abundant in EVs from the serum of T2D patients (118). When miR-20b-5p levels in skeletal muscle increased, researchers found enhanced glucose metabolism in muscle cells and reduced inflammation, but its overexpression impaired insulin signal transduction (118). Furthermore, EVs released from skeletal muscle after exercise contained various bioactive substances (e.g., oxidative metabolism-related proteins CAT, G6PD2, SOD2, and insulin signaling proteins like PKA), which jointly regulate glucose metabolism in β-cells and other tissue cells (119).




2.4.2.2.3 Crosstalk between β-cells and adipocytes

Adipose tissue is considered a complex and dynamic endocrine organ capable of crosstalk with β-cells through the release of EVs. Literature on β-cell and adipocyte crosstalk is limited to brief summaries. Studies suggest that EVs from healthy human adipocytes can promote insulin secretion under glucolipotoxic conditions in islet cells, maintaining the normal physiological function of β-cells (115). However, EVs from inflamed adipose tissue can lead to β-cell apoptosis and dysfunction, possibly due to the upregulation of miR-155/146 (115). Inflammatory factors in adipocyte EVs regulate targets like GSK-3β and ERK1/2, interfere with JNK phosphorylation, and alter CHOP mRNA levels, impacting β-cell survival and proliferation (115). EVs from visceral fat in obese individuals were observed to have upregulated levels of miR-27a-5p, which acts on L-type Ca2+ channel subtype CaV1.2, inducing β-cell dysfunction and damage. Depletion of this miRNA cargo improved glucose tolerance and insulin secretion in experimental rats (120). In another study, EVs from 3T3-L1 adipocytes treated with inflammatory cytokines (CKs) were co-incubated with EndoC-βH3 β-cells and human islets, and the results showed that EVs from inflamed adipose tissue had a negative impact on β-cell survival and insulin secretion. This confirmed the crucial role of inflammation in the β-cell–adipocyte crosstalk (115).

EVs carry different miRNAs that regulate insulin sensitivity, lipid metabolism, and glucose uptake in adipose tissue, liver, pancreas, muscle, and intestine.







2.5 EVs and inflammation

Macrophages are an essential part of the immune system and play a crucial role in the development of diabetes. Macrophages can differentiate into different phenotypes, including M1 (pro-inflammatory) and M2 (anti-inflammatory) types. Extracellular vesicles (EVs) released by M1 macrophages contain high levels of pro-inflammatory factors such as TNF-α, IL-6, and IL-1β, which trigger inflammation, disrupt insulin signaling pathways, and induce insulin resistance in adipose tissue. In contrast, M2 macrophages can suppress inflammation and improve insulin sensitivity (121). The upregulation of tyrosine hydroxylase in M2 anti-inflammatory macrophages promotes the release of catecholamines, which in turn promotes the proliferation of ADSCs (adipose-derived stem cells), helping to reduce obesity, alleviate metabolic disorders, and enhance immune homeostasis (121). The formation of M1 macrophages is closely related to the release of more EVs from inflamed adipose tissue, specifically involving retinol-binding protein 4 in EVs acting on the interleukin-1 receptor domain, interfering with the TLR4/TRIF pathway (121).

In the islets, EVs released by β-cells containing miR-29 mediate crosstalk between macrophages and β-cells by acting on TRAF3. Upregulation of this miRNA promotes the recruitment of monocytes and inflammatory macrophages, leading to insulin resistance and systemic glucose metabolism disorders (112). Another study observed lower levels of miRNA-324-5p in EVs released by vascular smooth muscle cells under high-glucose conditions. miRNA-324-5p targets CPT1A and upregulates its expression, inhibiting the release of inflammatory factors from vascular smooth muscle cells and improving vascular inflammation (122).

Additionally, EVs released by the gut microbiota can alter the insulin sensitivity of insulin-target cells, recruit inflammatory cells, and induce metabolic dysfunction. Dysbiosis of the gut microbiota in patients with metabolic diseases is associated with increased gut permeability and the translocation of pathogen-associated molecular patterns into the bloodstream, triggering metabolic endotoxemia, leading to mild systemic inflammation and insulin resistance in metabolic syndrome (123, 124). In a randomized crossover trial involving an oat-rich diet (OTA), participants experienced reduced levels of EVs released by macrophages, monocytes, and platelets, along with decreased levels of fibrin(+) and P-selectin(+) PMP in their serum after 8 weeks on the diet. These outcome measures are closely associated with systemic inflammation and cardiovascular risk in diabetes (125).





3 Diabetes complications



3.1 Diabetic nephropathy

Diabetic nephropathy (DN) refers to the pathological process of kidney damage caused by prolonged hyperglycemia, characterized by a gradual decline in glomerular filtration rate, proteinuria, hypertension, and renal dysfunction. The related mechanisms include hyperglycemia-induced damage to the glomerular filtration membrane, extracellular matrix proliferation, inflammation, oxidative stress, and others. Increasing evidence suggests a correlation between EVs and DN (61, 126).

The pathogenesis of DN involves EV-mediated intercellular communication. In a hyperglycemic environment, EVs participate in kidney intercellular communication, leading to epithelial-mesenchymal transition, apoptosis, inflammation, and fibrosis, contributing to kidney injury (127, 128). Studies have confirmed that renal tubular epithelial cells exposed to lipotoxicity release EVs that promote macrophage transition to an inflammatory phenotype (mediated by LRG1 and TGFβR1). In turn, these inflammatory EVs promote apoptosis of renal tubular epithelial cells (via TRAIL acting on DR5), and this process involves a negative feedback communication mechanism. In addition, miR-92a-1-5p derived from proximal tubular exosomes under glucolipotoxicity acts on mesangial cells and can induce their apoptosis (126, 129). In diabetes, EVs released by glomerular capillary endothelial cells can deliver mRNA to mesangial cells, causing mesangial cell proliferation and kidney fibrosis (130–132). Podocyte-derived EVs under high-glucose conditions transport miR-221-3p, inducing dedifferentiation of renal tubular epithelial cells through the Wnt/β-catenin pathway (128). Chronic inflammatory stimulation contributes to DN’s progression and persistent damage, and EVs are also involved in this process. Research has shown that EVs from macrophages treated with high glucose upregulate miR-21-5p levels, leading to podocyte apoptosis (133). Macrophage-derived EVs induce monocyte differentiation into inflammatory macrophages by regulating the NF-κB p65 pathway, further releasing more inflammatory factors that lead to kidney damage and inflammation (130, 133). Through the TGF-β1/Smad3 signaling pathway, mesangial cell activation is triggered, resulting in excessive extracellular matrix deposition and increased release of inflammatory factors like IL-1β, further causing mesangial expansion and kidney fibrosis (15, 134). Adipose-derived stem cell exosomes regulate the Nrf2/Keap1 pathway in diabetic nephropathy by targeting FAM129B, alleviating oxidative stress and inflammation in high glucose-induced podocyte injury (135).

EVs containing miR-16-5p can inhibit VEGFA and podocyte apoptosis, restoring kidney function in DN (136). Exosomes secreted by MSCs overexpressing miR-15-5p alleviate kidney damage in diabetic rats by promoting autophagy via the mTOR pathway (137). Similar effects have been observed with exosomes extracted from adipose-derived stem cells (ADSCs) (137).




3.2 Diabetic retinopathy

DR is one of the most common microvascular complications of diabetes. The pathophysiology of DR is highly complex, involving changes in neuroglial cells and the structure and function of microvessels, potentially related to increased polyol pathway flux, the generation of advanced glycation end products (AGEs), oxidative stress, and protein kinase C (PKC) activation, although many hypotheses remain unverified in human studies (138). DR may also be closely associated with chronic inflammation, increased expression of vasoactive factors, and cytokines (139).

EVs from different cell types, including endothelial cells, platelets, monocytes, and retinal pigment epithelial cells, participate in the onset and progression of DR (140–143). miRNAs in EVs play a key role, for instance, miR-150-5p/miR-21-3p may cause pericyte loss and induce retinal microvascular abnormalities (144). Research has found that decreased expression of microRNA-222 in retinal tissue is associated with widespread hemorrhage and severe retinal damage in diabetes. microRNA components in small EVs from MSCs participate in diabetic retinopathy, where the transfer of microRNA-222 can enhance retinal regeneration, and microRNA-126 inhibits retinal inflammation in diabetic patients by downregulating the HMGB1 signaling pathway (145). Additionally, regulatory steps in the EV generation process lead to the significant accumulation of MMP-14 in neovascular membrane vesicles, which may promote neovascularization (146). EVs contribute to thrombosis in DR, particularly by increasing pro-coagulant EVs (147). In diabetic animal models and the eyes of diabetic patients, elevated levels of pro-coagulant EVs carrying prothrombin have been observed, along with a significant increase in TF-EVs, which is consistent with elevated markers of coagulation activation (148). Furthermore, pro-coagulant EVs from endothelial cells, platelets, and monocytes in diabetic patients are significantly increased. Platelet-derived EVs tend to attach to the vascular endothelium of diabetic patients, potentially leading to occlusion of damaged retinal capillaries (149, 150).




3.3 EVs and cardiovascular complications in diabetes

Cardiovascular complications of diabetes refer to severe cardiovascular system complications caused by long-term diabetes, with coronary heart disease being a typical example. EVs are involved in disease progression, including interference with endothelial function, platelet activation, and angiogenesis (151). EVs can induce endothelial dysfunction. Diabetes may damage the endothelium, leading to endothelial dysfunction, which can cause vasoconstriction, thrombosis, and inflammation, ultimately increasing the risk of heart disease (151). In vitro studies have shown that EVs from obese rats upregulate VCAM-1 expression and increase oxidative stress in endothelial cells (152, 153). EVs are also involved in diabetes-induced myocardial infarction, closely related to the platelet activation process. Researchers compared the EV expression profiles of myocardial infarction patients (including STEMI and NSTEMI). Despite dual antiplatelet therapy, more EVs, mainly from platelets, were observed in the plasma of STEMI patients (154). The plasma TF pro-coagulant activity of STEMI patients was higher and positively correlated with the number of EVs from platelets, monocytes, and TF-carrying EVs (154). Moreover, diabetes affects the abundance of pro-angiogenic and anti-angiogenic miRNAs. Compared to healthy individuals, the abundance of these EV-associated miRNAs is dysregulated in T2DM patients, suggesting a link to vascular complications resulting from impaired angiogenesis in this patient group. The levels of dysregulated miRNAs isolated from circulating EVs in T2DM patients (such as miR-193b-3p, miR-199a-3p, miR-20a-3p, miR-26b-5p) were significantly altered (155). Another study found that the levels of miR-126 and miR-26a isolated from circulating EVs in T2DM patients were significantly reduced compared to non-diabetic patients, and these miRNAs have potential roles in reducing coronary atherosclerosis (156). 

EVs, through carrying miRNAs, regulate the inhibition of insulin signaling pathways (such as GLUT4 and Akt), exacerbating insulin resistance. Low expression of GLUT4 is associated with insulin resistance, dyslipidemia, hyperglycemia, and increased inflammatory responses. This can induce the proliferation, migration, and phenotypic transition of arterial endothelial cells. In the insulin signaling pathway, when insulin binds to its receptor, it first activates IRS (insulin receptor substrate), which then activates PI3K (phosphoinositide 3-kinase), initiating downstream AKT (protein kinase B) signaling. Under diabetic conditions, AKT inactivation leads to reduced release of eNOS (endothelial nitric oxide synthase), inhibiting nitric oxide (NO) production, which results in impaired vasodilation and induces endothelial dysfunction in the arteries. At the same time, abnormal insulin signaling affects phosphorylated myosin light chain kinase (p-MLCK), further impacting vascular smooth muscle cell contraction and endothelial barrier function. Any disruptions in this pathway, such as insulin resistance or weakened IRS or PI3K signaling, can lead to AKT/eNOS dysfunction and reduced NO production, causing inflammation and endothelial dysfunction. Low-density lipoprotein (LDL) promotes the generation of reactive oxygen species (ROS), and excessive ROS production damages endothelial cells, promoting the oxidation of LDL into oxLDL. This exacerbates inflammatory responses and foam cell formation, further accelerating the progression of atherosclerosis, creating a vicious cycle.




3.4 Diabetic cardiomyopathy

In patients with diabetic cardiomyopathy, the expression level of miR-320 is significantly increased and participates in the development of diabetic cardiomyopathy by regulating multiple target genes, potentially involving the regulation of biological processes such as apoptosis, inflammation, and fibrosis (157). Dysfunctional adipocyte-derived small extracellular vesicles (sEVs) are enriched with miR-130b-3p, which exacerbates myocardial cell injury in diabetic rats by inhibiting various anti-apoptotic/cardioprotective molecules in cardiomyocytes, specifically involving the regulation of downstream targets AMPKα2, Birc6, and Ucp3, as well as abnormal communication between adipocytes and cardiomyocytes (158). miRNA-195, -125b, -199a, and -124 significantly regulate pathological cardiac hypertrophy and heart failure under diabetic conditions (159). The overexpression of cardiomyocyte extracellular vesicles rich in HSP20/27/70 can exert protective effects on cardiomyocytes in vitro under high glucose stress. Among these, extracellular vesicles rich in HSP20 can significantly improve the left ventricular end-diastolic diameter and ejection fraction in diabetic mice, alleviating adverse cardiac remodeling (160). Extracellular vesicles derived from mesenchymal stem cells improve myocardial injury and fibrosis caused by diabetes by inhibiting the TGF-β1/Smad2 signaling pathway (15).





4 Prospects and challenges



4.1 Future prospects of EVs

Exosomes have significant advantages in minimally invasive diagnostics for diabetic patients. On a technical level, exosomes can be isolated from various body fluids (blood, urine, saliva, etc.), meaning they can be conveniently collected using minimally invasive or non-invasive methods, avoiding the trauma associated with traditional diagnostic approaches (161). The rich biomarkers contained within EVs (such as proteins and miRNAs) can reflect the pathological state of cells, closely linked to specific biological processes of diabetes and its complications, thus providing strong evidence for early diagnosis and progress monitoring of the disease (162, 163). Additionally, the phospholipid bilayer structure of exosomes protects the biomolecules inside from degradation by the external environment (such as proteolytic enzymes), thus increasing the stability of the markers in body fluids, enhancing the flexibility of sample preservation and handling, and aiding in long-term storage and subsequent detection (164). The laboratory techniques related to exosomes are relatively mature, with a wide range of applications in separation, characterization, and analysis techniques, including density gradient ultracentrifugation, immunocapture, transmission electron microscopy, protein/gene chip analysis, and liquid chromatography (LC/MS) (165, 166). At the patient level, there are significant differences in the quantity and composition of EVs between diabetic and non-diabetic patients (167, 168). For instance, a significant increase in EVs derived from monocytes, endothelial cells, and platelets has been observed in the circulation of diabetic patients, which is associated with inflammation cell activation and endothelial cell apoptosis under hyperglycemic conditions. Hyperglycemia often promotes vascular inflammation, increasing the activity of NADPH oxidase released in EVs by endothelial cells (167, 168). Nanoparticle tracking analysis and flow cytometry can be used to quantitatively assess and characterize EVs by tracking the Brownian motion of exosome particles and fluorescence-labeled detection, respectively (169–171). As previously mentioned in this article, variations in the types and quantities of GLP-1, proteins, and miRNAs abundant in EVs often occur before symptoms appear, further underscoring their significance in early diagnosis. The combination of exosomes with emerging materials also holds great application prospects. Studies have shown that loading exosomes into smart hydrogels/nanoparticles, combined with 3D printing technology or LBL self-assembly technology, can effectively promote the healing of diabetic wounds (172). By combining chitosan/silk hydrogel sponges with GMSC-derived exosomes, researchers have found accelerated wound healing in diabetic skin defect rat models treated with exosomes (173). Nanoliposomes, as EV carriers, not only enhance their stability but can also extend blood circulation time and improve targeting by altering their surface structure (such as PEGylation), facilitating effective delivery of EV cargo through cell membrane fusion. In models of diabetic nephropathy, EVs delivered via nanoliposomes significantly improved renal function and reduced inflammatory responses (174).




4.2 Shortcomings and potential challenges

As discussed in this article, despite positive research progress in disease diagnosis, prediction, and treatment, urgent issues related to EVs, such as the stability of cell phenotypes, large-scale production methods, and precise targeting delivery of EVs, still need to be addressed (175–177). Currently, suspended cell lines (such as tumor cell lines) are often used in bioreactors (such as large-scale culture tanks) along with appropriate culture media and controlled conditions to achieve higher cell density and EV yield (175). However, various factors such as temperature, pH, dissolved oxygen, culture medium formulation, cytokines, and early or late cell passage can affect the phenotype of cells and their derived EVs (175, 178, 179). Some researchers have developed a culture medium primarily composed of human platelet lysate, targeting EVs derived from human mesenchymal stem cells, achieving stabl and reliable characterization of their protein and RNA components while preserving stem cell differentiation potential (180). Appropriate methods for EV separation are also crucial for clinical diagnosis and treatment (181). Some researchers have effectively isolated extracellular vesicles for component and functional studies using ultrafiltration size exclusion chromatography (UF-SEC) and ultrafiltration techniques (178–180). Phosphate-buffered saline, with an osmotic pressure and pH close to physiological levels, is easy to prepare and cost-effective, making it used by some researchers for EV preservation, though the formation of calcium phosphate during preservation can interfere with subsequent quantitative detection (180).

To minimize adverse secondary reactions of therapeutic exosomes, it is also crucial to explore the organ tropism and biodistribution of therapeutic exosomes in depth. In terms of targeting receptor cells, research has confirmed that the targeting ability of EVs is closely related to their compositional components (proteins, glycoproteins, etc.). Different integrin profiles (such as Tetraspanin profiles) can target EVs to different organs (brain, liver, etc.) (182). Other studies have confirmed that the complex of Tspan8 and integrin α can selectively target EVs to cells in the pancreas. This mechanism enables EVs to enhance their uptake and function in the pancreatic microenvironment by binding to specific receptors on the surface of target cells (183).

Regarding the targeting or internalization of EVs, current challenges mainly involve exploring precise delivery of EVs to action sites while avoiding accumulation of EVs in unintended sites of action. This can be achieved by genetically modifying EVs, adding targeting components (such as nanobodies and antibodies), and developing multifunctional targeting peptides (184). Some studies have found that combining Lamp2b on the surface of EVs with rabies virus glycoprotein peptides can target EVs to brain neurons. Researchers have fused nanobodies to the mucin domain of EVs, enhancing the binding ability of EVs to phosphatidylserine while preserving the integrity of EVs, thereby facilitating their uptake (185). A class of RGD peptides, which bind to integrins expressed on the surface of newly formed blood vessels, can be fixed to the surface of EVs by combining with PEG lipids, allowing precise targeting of αvβ3 cells, which may promote angiogenesis and provide insights for EV treatment of diabetes-related vascular lesions (186). By using a cycloaddition reaction of sulfonyl azides, researchers combined the targeting peptide RGERPPR with EVs, enabling effective passage of EVs across the blood-brain barrier and precisely targeting nerve cells (187). These may inspire and inform future EV treatments for diabetes and its complications.

It is worth noting that the potential safety and efficacy of EVs require further evaluation. Research on pharmacodynamics, biodistribution, pharmacokinetics, as well as unknown immune responses and bioactivities remains limited. There is a severe lack of studies on the optimal dosage for EVs treatment, and we still know very little about the short- or long-term harmful effects caused by improper EV dosage. Furthermore, the transparent sourcing of therapeutic EVs is considered critical. RNA and DNA fragments carried by exosomes from tumor cells or unhealthy cells may have carcinogenic effects, and the non-specific actions of EVs may also affect other types of cells, inducing unknown cellular changes by transferring bioactive molecules. For instance, a study confirmed that MSC-EVs derived from human umbilical cord directly inhibit the expression of PTEN via miR-410, strongly promoting the growth of lung adenocarcinoma cells in tumor-bearing mice, whereas siR-410 could eliminate this effect (188). Similarly, Hedgehog and β-catenin in EVs derived from breast cancer stem cells can enhance the resistance of existing tumor cells to various cancer therapies (189). This also highlights the potential ethical issues in EVs therapy, such as how to ensure transparent traceability of exosome sourcing and how to guarantee patients’ full informed consent in the face of emerging technologies. The possible involvement of gene editing technologies and the unknown long-term effects of EVs therapy also pose ethical challenges. More research is still needed in the future to fully clarify the mechanisms of EVs, mitigate risks, and enable them to contribute more effectively to clinical treatment.
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Myokines are bioactive peptides released by skeletal muscle. Myokines exert auto-, para-, or endocrine effects, enabling them to regulate many aspects of metabolism in various tissues. However, the contribution of myokines to the dramatic changes in glucose homeostasis and muscle mass induced by bariatric surgery has not been established. Our review highlights that myokines such as brain-derived neurotrophic factor (BDNF), meteorin-like protein (Metrnl), secreted protein acidic and rich in cysteine (SPARC), apelin (APLN) and myostatin (MSTN) may mediate changes in glucose homeostasis and muscle mass after bariatric surgery. Our review also identifies myonectin as an interesting candidate for future studies, as this myokine may regulate lipid metabolism and muscle mass after bariatric surgery. These myokines may provide novel therapeutic targets and biomarkers for obesity, type 2 diabetes and sarcopenia.
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1 Introduction

Skeletal muscle was first proposed as an endocrine organ more than two decades ago, based on evidence that human skeletal muscle releases interleukin (IL)-6 into the circulation during exercise (1, 2). Since then, numerous bioactive molecules, including proteins, exosomes, metabolites and microRNAs, have been identified as part of the human muscle secretome using computational and -omics approaches (2–6). Specifically, proteins secreted by skeletal muscle are called myokines (7, 8). More than 600 myokines have been identified in conditioned media from human muscle cells using mass spectrometry, the most accurate and specific method currently available for secretome analysis (9). Myokines exert auto-, para- or endocrine effects, enabling them to regulate many aspects of metabolism in various tissues (2, 8, 10, 11). Some myokines are released in response to muscle contraction, leading to the concept of exerkines (12–15). Emerging evidence suggests that certain myokines/exerkines may contribute to the metabolic and cardiovascular benefits of exercise by facilitating communication between muscle and other organs, such as the liver, adipose tissue, heart, brain, and pancreas (2, 15, 16). However, the exact mechanisms underlying the actions of myokines and the extent of their influence remain areas of ongoing research.

Obesity and type 2 diabetes (T2D) are closely related conditions that represent significant global health problems due to their increasing prevalence and comorbidities (17). Both conditions are linked to alterations in muscle metabolism and function, which may contribute to age-related decline in muscle health (18–20). The underlying mechanisms are complex and include structural and metabolic changes in muscle tissue, altered myogenesis, fat infiltration (i.e. myosteatosis) and muscle inflammation (20–26). Together, these disorders can lead to a vicious cycle of muscle fatigue, decreased physical activity and energy expenditure, further fat gain, ultimately leading to sarcopenic obesity (18–20). The contribution of myokines to altered muscle metabolism and function in people with obesity and T2D is not well understood.

Bariatric surgery is effective for treating obesity and T2D, leading to the concept of metabolic surgery (27–29). Bariatric surgery has many beneficial effects on skeletal muscle metabolism and function. Most importantly, bariatric surgery improves or even reverses muscle insulin resistance after significant weight loss (30–32). However, bariatric surgery induces a significant loss of muscle mass, mainly due to profound calorie and protein restriction (33, 34). Despite reduced muscle mass, muscle function and quality (i.e. muscle strength to muscle mass ratio) improve after bariatric surgery (35, 36). The underlying mechanisms include extensive changes in the insulin signaling cascade, improved muscle oxidative capacity and mitochondrial function, as well as intramyocellular lipid depletion, reduced muscle inflammation and fibrosis (32, 37–39). The contribution of myokines to changes in glucose homeostasis, muscle mass and function after bariatric surgery remains poorly understood.

In this review, we will comprehensively discuss the potential role of myokines in changes in glucose homeostasis and muscle mass after bariatric surgery.




2 An overview of changes in myokines in obesity and type 2 diabetes

The muscle secretome is altered in people with obesity and T2D. These alterations include an increased release of ILs, including IL-6, IL-8 and IL-15, and pro-inflammatory cytokines, such as tumor necrosis factor alpha (TNF-a) and monocyte chemotactic protein-1 (MCP-1) (40, 41). Increased release of follistatin (FST) and myostatin (MSTN), which have opposing effects on muscle mass, has also been reported (40, 41). Altered myokine secretion may be an intrinsic property of muscle in people with obesity and T2D due to genetic or epigenetic factors (42). Alternatively, altered myokine secretion may result from muscle exposure to obesity-related metabolic factors, such as lipotoxicity and inflammation, which impair muscle insulin sensitivity (43–45). In addition, insulin itself regulates myokine secretion by muscle cells directly (46) and indirectly by increasing the expression of type IIx muscle fibers, whereas some myokines are type II fiber-specific (e.g., IL-6, angiogenin, osteoprotegerin) (47–50). Therefore, hyperinsulinemic states such as obesity and T2D are likely to affect myokine expression and secretion.

In turn, altered myokine secretion in obesity and T2D is likely to affect glucose homeostasis and muscle mass. Indeed, conditioned medium from insulin-resistant human myotubes blunts glucose-stimulated insulin secretion (GSIS) and increases beta cell apoptosis (43). Similarly, conditioned medium from inflamed myotubes induces muscle cell inflammation and insulin resistance (51). Pro-inflammatory myokines such as IL-1β, IL-6, IL-8, TNF-a, C-C motif chemokine 5 (CCL5), MCP-1, and C-X-C motif chemokine 10 (CXCL10) are likely mediators of these detrimental effects on beta cells and muscle cells (43, 51). In addition, conditioned medium from myotubes derived from humans with extreme obesity inhibits proliferation of C2C12 myoblasts, an effect that is abolished in the presence of an anti-MSTN antibody (41). On the other hand, increased expression and secretion of myokines such as fractalkine, osteoprotegerin, chitinase-3-like protein 1, irisin, and FST by insulin-resistant inflamed human myotubes may represent an autoprotective mechanism counteracting inflammation, insulin resistance, beta cell dysfunction, and sarcopenia (8, 40, 41, 43, 52). Thus, some myokines may contribute to the changes in glucose homeostasis and muscle mass observed in people with obesity and T2D.




3 Changes in myokines following bariatric surgery related to glucose homeostasis and muscle mass

The four most common types of bariatric surgery were included in this review: laparoscopic adjustable gastric banding, sleeve gastrectomy, Roux-en-Y gastric bypass, and biliopancreatic diversion. These procedures will be referred to hereafter as bariatric surgery.

Overall, bariatric surgery alters the circulating levels and muscle expression of specific myokines (53–56). The main effects of these myokines on metabolism and muscle mass are illustrated in Figure 1. Changes in some of these myokines may be associated with improved glucose homeostasis after bariatric surgery, which includes improved systemic and tissue-specific insulin sensitivity and beta-cell function (Table 1) (30, 57, 58). In addition, some of these myokines may be associated with changes in muscle mass after bariatric surgery (Table 1).

[image: Diagram showing the effects of myokines on various organs. Skeletal muscle affects adipose tissue by increasing browning, glucose uptake, adiponectin, and adipocyte differentiation, while decreasing inflammation. It influences the liver by regulating glucose and fatty acid processes, and the brain by enhancing neurotrophic factors and hunger regulation. Effects on the pancreas include increased GSIS and beta cell mass. In intestinal cells, GLP-1 and IL-6 are elevated. Arrows indicate the direction of influence.]
Figure 1 | Main known effects of myokines altered by bariatric surgery on glucose homeostasis and muscle mass. ↑, increase; ↓, decrease. Green, beneficial effects; Red, detrimental effects. ADAMTS9, ADAM metallopeptidase with thrombospondin type 1 motif 9; ANG, angiogenin; APLN, apelin; BDNF, brain-derived neurotrophic factor; GSIS, glucose-stimulated insulin secretion; FGF21, fibroblast growth factor 21; FST, follistatin; GLP-1, glucagon-like peptide 1; IL, interleukin; Metrnl, meteorin-like protein; MG53, mitsugumin (or Tripartite motif containing 72, TRIM72); MMP-2, 72 kDa type IV collagenase; MSTN, myostatin; OPG, osteoprotegerin; SPARC, secreted protein acidic and cysteine-rich (osteonectin); WAT, white adipose tissue. Created in https://BioRender.com.

Table 1 | Changes in myokines after bariatric surgery and their potential contribution or association to changes in glucose homeostasis and muscle mass after bariatric surgery based on reported associations or known effects on glucose homeostasis or muscle mass.


[image: The table outlines changes in myokines after bariatric surgery and their potential effects. It includes columns for myokines, changes in circulating levels and muscle mRNA, and potential effects like insulin sensitivity, muscle mass, and energy expenditure. Myokines listed are Fractalkine, BDNF, MSTN, Irisin, IL-6, FGF21, Metrnl, Myonectin, APLN, SPARC, MMP-2, FST, ADAMTS9, MG53, ANG, OPG, and IL-8, detailing specific changes post-surgery. Effects vary, including increased glucose-stimulated insulin secretion, improved muscle insulin sensitivity, and changes in muscle mass. Annotations explain symbols used for increase and decrease.]


3.1 Fractalkine

Fractalkine, also known as C-X3-C motif chemokine ligand 1 (CX3CL1), is the only member of the CX3C chemokine family (59). Fractalkine is initially synthesized in a plasma membrane-bound form, and its soluble form is released by enzymatic cleavage (59). Fractalkine is the specific ligand for a G protein-coupled receptor called CX3CR1, which mediates its effects on chemotaxis, cell adhesion, and increased cell survival during inflammation (59). Fractalkine is secreted by human muscle cells, although it has a low tissue specificity (12, 43, 60, 61). Contraction upregulates fractalkine expression in human muscle cells and tissue and increases its circulating levels (12–14).

Fractalkine may have beneficial metabolic effects, particularly on beta cells. Indeed, CX3CR1 knockout mice have impaired GSIS, which is also observed in isolated pancreatic islets from these mice (62). In contrast to CX3CR1 knockout mice, wild-type mice treated with fractalkine show improved glucose tolerance and GSIS, while fractalkine also potentiates GSIS in mouse and human islets (62). Similarly, chronic administration of a long-acting form of fractalkine improves glucose tolerance in obese rodents, as evidenced by improved GSIS and hepatic insulin sensitivity (63). In addition, fractalkine protects rodent beta cells from apoptosis and GSIS from pro-inflammatory cytokines (59, 62). Fractalkine expression in islets is reduced in mice fed a high-fat diet and in obese mice, suggesting that reduced fractalkine signaling may contribute to beta cell dysfunction in people with obesity and T2D (62). In addition, administration of purified fractalkine directly into skeletal muscle of mice modulates mitochondrial metabolism and shifts substrate preference toward glucose, again suggesting that fractalkine signaling is involved in the regulation of muscle insulin sensitivity (64). These promising data in rodent models have led to the identification of several compounds such as ZINC000032506419 with a strong binding affinity for CX3CR1 (65). However, the effects of these compounds on glucose homeostasis are currently unknown. Data on fractalkine in humans are variable. Some studies have reported higher circulating fractalkine levels in people with obesity and T2D, while others have not (8, 66, 67). Data on fractalkine expression in muscle of people with obesity and T2D are also conflicting (8).

Nevertheless, we showed that circulating fractalkine levels increased by 7% three months after bariatric surgery, while fractalkine mRNA expression increased by 73% in the vastus lateralis, suggesting that muscle may contribute to the changes in circulating levels (54). Furthermore, the amplitude of these changes is comparable to those observed at circulatory and muscle levels after acute exercise, suggesting a potential beneficial effect of increased fractalkine on glucose homeostasis after bariatric surgery similar to exercise (13–15). To our knowledge, our study is among the first to explore the relationship between bariatric surgery and fractalkine. However, we did not find an association between changes in circulating or muscle fractalkine and changes in glucose homeostasis as assessed by the Homeostasis Model Assessment (HOMA) test (54). We believe future studies should evaluate the relationship between fractalkine and glucose homeostasis using more sophisticated methods to assess changes in muscle insulin sensitivity and beta cell function after bariatric surgery (30, 58).




3.2 Brain-derived neurotrophic factor

Brain-derived neurotrophic factor (BDNF) is mainly expressed in the central and peripheral nervous system, where it acts as a potent neuronal survival factor and modulator of synaptic plasticity (60, 61, 68). In humans, 70-80% of circulating BDNF originates from the brain (8). However, BDNF is also secreted by human muscle cells, which qualifies BDNF as a myokine (5, 12, 68). Contraction upregulates BDNF mRNA expression in human muscle tissue and cells (12, 14, 68–71). In humans, acute exercise increases circulating BDNF levels, whereas chronic exercise training does not change, increases, or even decreases circulating BDNF levels (15, 71). There are two major isoforms of the mammalian BDNF receptor TrkB, including TrkB.T1, which is expressed in the human pancreas (68).

BDNF has beneficial metabolic effects on skeletal muscle and beta cells (Figure 2). Systemic BDNF injections in mouse models of obesity and diabetes decrease blood glucose levels by enhancing muscle glucose uptake (68, 72, 73). However, BDNF has no direct effect on glucose uptake in muscle cells in vitro (8, 74). In contrast, BDNF increases fatty acid oxidation in muscle by activating AMPK (8, 69). In addition, pancreatic BDNF-TrkB.T1 signaling increases GSIS in human pancreatic islets (68). Muscle-specific BDNF knockout mice have reduced circulating BDNF levels, demonstrating that muscle is also a source of circulating BDNF (68). In addition, these mice exhibit glucose intolerance and blunted GSIS, suggesting that BDNF is a myokine that acts in an endocrine manner on beta cells (68). Finally, mice and humans heterozygous for mutations that inactivate BDNF or TrkB develop hyperphagic obesity (68), suggesting a role for BDNF in inhibiting hunger (Figure 2).

[image: Diagram showing the contribution and actions of BDNF (brain-derived neurotrophic factor) in various body parts. The brain contributes 70-80% of BDNF to circulation, which is also present in platelets and muscle. BDNF promotes neuron survival, modulates synaptic activity, reduces food intake, lowers blood glucose levels, increases glucose uptake, and fatty acid oxidation in muscles, stabilizes neuromuscular junctions, supports motor neurons, and enhances myogenic differentiation. In the pancreas, BDNF increases glucose-stimulated insulin secretion.]
Figure 2 | Actions of central and myocyte-specific brain-derived neurotrophic factor (BDNF) on glucose homeostasis. In humans, most circulating BNDF originates from the brain (70-80%) and platelets. Muscle also contributes to circulating levels. BDNF expression is upregulated in muscle by acute exercise which increases BDNF circulating levels. BDNF actions at the central and peripheral levels may decrease food intake, stimulate glucose uptake and fatty acid oxidation by muscle, and enhance glucose-stimulated insulin secretion by pancreas. These actions should collectively improve glucose homeostasis. Black arrows indicate the relative contribution of the brain, platelets and muscle to BDNF circulating levels.

BDNF has long been thought to serve only as a retrograde trophic factor for innervating motor neurons and stabilization of neuromuscular junctions in muscle (71, 75). However, mouse and cell models have shown that BDNF is expressed in satellite cells promoting myogenic differentiation (75) (Figure 2). Hence, muscle-damaging exercise in healthy people is associated with increased muscle BDNF expression and satellite cell proliferation (76). These data suggest that BDNF plays an important role in mediating satellite cell activation to muscle injury (11). However, BDNF overexpression in mouse muscle does not alter muscle mass (77). In line with this, BDNF is associated with muscle strength rather than muscle mass in humans (78).

Circulating BDNF levels are decreased in people with T2D independently of obesity and associated with impaired glucose homeostasis (8, 79). Reduced BDNF levels could contribute to beta cell dysfunction, reduced muscle oxidative capacity, and altered eating behavior promoting obesity and T2D. People with obesity carrying some specific variants of the BDNF gene achieve greater weight loss after bariatric surgery (80). We are not aware of any human BDNF analogs or agonists of its receptors. In contrast, circulating BDNF levels increase after exercise training in people with obesity and T2D and correlate positively with muscle strength in lower limbs (78). In older people, those with frailty (i.e., muscle weakness, slow walking speed, and low physical activity) have lower circulating BDNF levels than those without, and lower BDNF levels are associated with frailty regardless of age (81). Circulating BDNF levels correlate with exercise capacity and muscle strength, but not with muscle mass in people with heart failure (82). Thus, BDNF may be used as a biomarker of muscle strength rather than muscle mass and decreased BDNF levels in people with obesity and T2D may promote or reflect sarcopenic obesity.

Several studies, including ours, have shown decreased circulating BDNF levels three months to one year after bariatric surgery (54, 83, 84). In our study, decreased BDNF levels were associated with decreased steady-state estimate of beta cell function (i.e., HOMA2-%B), reflecting decreased compensatory hyperinsulinemia as expected from improved insulin sensitivity after bariatric surgery (54, 58). In contrast, we showed an upregulation of BDNF mRNA expression in vastus lateralis three months after bariatric surgery with an amplitude comparable to that observed after acute exercise (69). Interestingly, upregulation of muscle BDNF was associated with decreased insulin resistance (i.e., HOMA2-IR), suggesting a potential insulin-sensitizing effect of BDNF (54). Muscle BDNF is thought to act in an autocrine/paracrine manner to positively regulate muscle insulin sensitivity (68). Finally, upregulation of BDNF mRNA expression was negatively associated with the magnitude of fat-free mass loss, suggesting that upregulation of BDNF mRNA expression may be a mechanism aimed at maintaining muscle mass after bariatric surgery (54), whereas decreased circulating BDNF levels after bariatric surgery could reflect decreased muscle strength. Supervised exercise is recommended after bariatric surgery (85), as it has an additive effect to surgery in improving insulin sensitivity (32) and may improve muscle strength (86), cognition (87) and brain networks involved in regulating food intake (88). Higher circulating BDNF levels have been reported two years after bariatric surgery, together with sustained cognitive improvement, suggesting that changes in BDNF may be associated with cognitive improvement after bariatric surgery (87). The interaction between bariatric surgery and exercise may be highly relevant to BDNF actions as both upregulate BDNF in muscle. However, we are not aware of any studies that have examined the effects of both interventions combined on BDNF. Based on previous experimental evidence, we hypothesize that the reduction in circulating BDNF levels early after bariatric surgery may serve as a counter-regulatory response to sustained caloric restriction, weight loss and improved insulin sensitivity, whereas increased BDNF later after bariatric surgery may help improve obesity-related neurocognitive disorders and regulate food intake. However, this remains to be confirmed and further studies are needed to test these hypotheses.




3.3 Myostatin

MSTN, also known as growth differentiation factor 8 (GDF-8), is a member of the transforming growth factor (TGF)-beta superfamily that is secreted primarily by skeletal muscle and to a lesser extent by adipose tissue (4, 89). MSTN is expressed as a full-length precursor form, processed to latent MSTN by removal of its signal peptide, and subsequently activated by proteolytic cleavage by members of the bone morphogenetic protein (BMP)-1 family of metalloproteases (89). Mature MSTN is regulated extracellularly by several binding proteins, including FST (89). MSTN acts as a direct negative regulator of muscle mass through activin type II receptors and SMAD2-3 transcription factors, preventing pathological muscle hypertrophy (11, 89). Indeed, MSTN gene knockout in mice results in muscle hypertrophy, whereas MSTN overexpression in skeletal muscle results in muscle atrophy (89). On the one hand, MSTN activates FOXO-dependent transcription of atrogens (e.g., MURF-1, MAFbx/atrogin-1), leading to activation of muscle protein degradation and inhibition of myogenesis (11, 41). On the other hand, MSTN inhibits muscle protein synthesis by suppressing Akt-mediated mTORC1 activation (11, 90, 91). It has been suggested that MSTN may contribute to muscle wasting in diverse conditions in humans, including sarcopenic obesity (18, 92–97). In contrast, exercise decreases circulating levels and muscle expression of MSTN in humans, promoting increases in muscle mass and strength (13, 14, 98, 99).

Although MSTN is best known as a negative regulator of muscle mass, animal and cell models suggest that MSTN plays a pathogenic role in insulin resistance in obesity and T2D. Indeed, MSTN inhibition protects rodents from obesity and insulin resistance (100). Specifically, MSTN inhibition increases insulin-dependent and -independent glucose uptake and glycogen synthesis in muscle of normal chow-fed mice (100). This effect is likely mediated by increased GLUT1 and GLUT4 protein levels and increased muscle mass (100). MSTN inhibition also improves muscle glucose uptake in obese high-fat diet-fed mice by stimulating fatty acid metabolism and mitochondrial function, independently of muscle hypertrophy (101). In contrast, MSTN impairs insulin signaling, decreases AMPK activity, and inhibits GLUT4 expression in muscle cells, thereby impairing muscle glucose uptake and insulin sensitivity (102).

Circulating MSTN levels and muscle MSTN expression are typically higher in people with obesity and T2D than in healthy people (41, 103–106). Increased levels and phosphorylation of SMAD2-3 transcription factors have also been reported in muscle of people with obesity and T2D, altering myogenesis (20, 41, 103–105). There is a positive correlation between circulating MSTN levels or its muscle expression and insulin resistance in people with obesity and T2D (41, 104–106). Myotubes from insulin-resistant women with extreme obesity show increased MSTN secretion, suggesting that muscle is a source of increased circulating MSTN levels during obesity and T2D (41). In contrast, bimagrumab, a fully human monoclonal antibody that inhibits activin type II receptors, results in significant fat mass loss, increased lean mass, and improved insulin sensitivity in people with obesity and T2D (107, 108). Other compounds including Trevogrumab and Garetosmab are in the pipeline for muscle wasting conditions in humans (109).

Our research and that of others has shown that MSTN decreases at circulating and muscle levels after bariatric surgery (53, 54, 110). Kumar et al. have shown a 22% reduction in circulating MSTN levels six months after bariatric surgery in adolescents (53). Milan et al. have reported a 60% reduction in quadriceps MSTN mRNA expression eighteen months after bariatric surgery (110). We have also reported a significant reduction of MSTN in plasma (-32%) and vastus lateralis (-45% mRNA expression) three months after bariatric surgery, suggesting that decreased MSTN expression is responsible for decreased circulating MSTN levels (54). Like others, we did not find an association between changes in circulating or muscle MSTN and changes in glucose homeostasis as assessed by the HOMA test (53, 54), whereas decreased MSTN would be expected to improve muscle insulin sensitivity, independently of changes in muscle mass. In contrast, Milan et al. have found a positive correlation between decreased MSTN mRNA in vastus lateralis and decreased fat-free mass after bariatric surgery (110). We have also shown that decreased circulating MSTN levels were positively associated with decreased muscle mass after bariatric surgery, but inversely associated with sarcopenic obesity after bariatric surgery (55). In fact, a positive correlation between circulating MSTN levels and muscle mass or strength has been shown in various conditions, using recent immunoassays detecting active MSTN only (55, 111–118). Overall, these data suggest that decreased circulating MSTN levels after bariatric surgery may reflect decreased muscle and that circulating MSTN levels may be used as a biomarker of muscle mass. However, we also hypothesize that circulating MSTN does not play a major pathogenic role in muscle wasting after bariatric surgery. Decreased MSTN muscle expression and circulating levels after bariatric surgery may represent a counter-regulatory mechanism to preserve muscle mass during profound calorie and protein restriction (55, 110). Future studies should evaluate the relationship between MSTN and glucose homeostasis using more sophisticated methods to assess changes in muscle insulin sensitivity after bariatric surgery (30, 58).




3.4 Irisin

Irisin is produced by cleavage of the membrane protein fibronectin type III domain-containing protein 5 (FNDC5) (119). Although irisin is difficult to detect using commercially available ELISA kits, irisin has been detected in human plasma using mass spectrometry (120). Circulating irisin levels increase in response to acute exercise (10, 15, 121). However, FNDC5 mRNA is not induced after acute exercise in healthy human muscle (14). FNDC5 mRNA expression is higher in human muscle than in liver and adipose tissue, suggesting that muscle may be an important source of circulating irisin (122).

Irisin may have beneficial effects on skeletal muscle and beta cells. Mice fed a high-fat diet are protected against obesity and diabetes by irisin treatment (2, 119). Similarly, irisin treatment reduces body weight and blood glucose levels in rats with T2D (123). Muscle cells incubated with irisin show increased AMPK-mediated glucose uptake and fatty acid oxidation, suggesting a direct effect of irisin on muscle (10, 124, 125). In addition, irisin treatment improves GSIS in mice by increasing insulin biosynthesis and beta cell mass (126). Human beta cells and islets incubated with irisin are protected from palmitate-induced apoptosis, suggesting that irisin may protect beta cells from lipotoxicity in obesity (2, 126). In addition, irisin treatment induces a white-to-brown shift in mouse adipose tissue by increasing uncoupling protein (UCP) 1 expression, which increases whole-body energy expenditure (8, 119). Finally, muscle cells incubated with irisin show increased mitochondrial uncoupling and increased expression of UCP3, peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1A), and mitochondrial fusion genes, resulting in increased oxidative metabolism (127).

Several lines of evidence suggest that irisin promotes muscle hypertrophy (11). Irisin expression and secretion increase during myogenic differentiation in human primary myotubes (128). Irisin also induces myogenic differentiation of muscle cells by stimulating the expression of pro-myogenic genes (129). In addition, treatment of human primary myotubes with irisin results in muscle cell hypertrophy through downregulation of MSTN and upregulation of insulin-like growth factor I (IGF-I), a well-known anabolic factor (128). Mice injected with irisin exhibit muscle hypertrophy and improved grip strength due to activation of satellite cells and increased muscle protein synthesis (129). Finally, intraperitoneal irisin administration to aged mice mitigates age-related muscle atrophy (130). Overall, current experimental data on irisin suggests its potential for therapeutic purposes in sarcopenia. In humans, circulating irisin levels are positively correlated with muscle mass adjusted for body weight in postmenopausal women, and inversely associated with sarcopenia (131). In addition, irisin expression decreases with age in human muscle (130). These data suggest that irisin may positively regulate muscle mass in humans. Indeed, low circulating irisin levels are a predictive factor for sarcopenic obesity (132).

Some studies and a recent meta-analysis have reported lower circulating irisin levels in people with obesity and T2D than in healthy people (133–138). In these studies, circulating irisin levels were inversely correlated with body mass index (BMI) and insulin resistance in healthy and obese people (133–136). In contrast, several studies have reported higher circulating irisin levels in people with obesity (139, 140) and increased irisin secretion by insulin-resistant human myotubes (126). Consistent with these latter observations, FNDC5 mRNA expression in muscle is positively correlated with BMI (122). In addition, human visceral and subcutaneous adipose tissues secrete irisin and may contribute to higher circulating irisin levels in people with obesity (139, 140). Thus, decreased irisin could be associated with decreased oxidative metabolism and insulin sensitivity in muscle during obesity, whereas increased irisin could be interpreted as a counterregulatory mechanism to overcome insulin resistance. Overall, current experimental data on irisin suggests its potential for therapeutic purposes, especially in T2D and obesity, as irisin shares some metabolic effects with incretin hormones (141). However, considerable uncertainty remains regarding the reliability and accuracy of methods used to quantify circulating irisin, which may partly explain the discrepancies between studies (142) and possibly the cautious approach of pharmaceutical companies towards this myokine. We are not aware of any development of irisin analogs or agonists of its receptor.

Changes in circulating irisin levels after bariatric surgery show no discernible pattern (143), which may be related to discrepancies between commercial ELISA kits. Kumar et al. have reported increased circulating irisin levels in adolescents six months after bariatric surgery (53). However, no association was found with changes in HOMA-IR. In other studies, circulating irisin levels remained unchanged or even decreased from one month to one year after bariatric surgery in people with or without T2D at baseline (122, 136, 144, 145). In contrast, we and others have consistently found decreased FNDC5 mRNA expression in vastus lateralis 3-6 months after bariatric surgery (54, 122). Decreased irisin expression may be related to a transient decrease in mitochondrial function and oxidative metabolism in muscle early after bariatric surgery (31). Based on the documented anabolic effect of irisin on muscle cells, decreased irisin expression in muscle after bariatric surgery may contribute to muscle mass loss. However, the inconsistent results of circulating irisin levels after bariatric surgery preclude meaningful speculation about its role in this context in humans. Future studies should use validated ELISA techniques for irisin quantification to provide more reliable data.




3.5 Interleukin-6

Skeletal muscle is considered the main source of increased circulating IL-6 levels during exercise (1, 15). Contraction indeed upregulates IL-6 expression and secretion by human muscle cells and muscle tissue (1, 12–14, 50). Type II muscle fibers produce more IL-6 than type I muscle fibers during contraction (50).

IL-6 release from contracting muscle has been proposed to mediate some of the benefits of exercise on glucose homeostasis (2, 15). Indeed, acute infusion of IL-6 enhances insulin-stimulated glucose uptake in healthy humans, while chronic exposure to IL-6 increases glycogen synthesis and lipid oxidation through AMPK activation in primary human myotubes (146). In addition, acute IL-6 infusion stimulates lipolysis and fatty acid oxidation in muscle from healthy humans (147–149). IL-6 also enhances insulin secretion by increasing glucagon-like peptide-1 secretion from intestinal L cells and pancreatic alpha cells, suggesting that IL-6 may mediate muscle-gut-pancreas crosstalk (150).

The role of IL-6 in the regulation of muscle mass appears to be complex. IL-6 is produced transiently by growing muscle fibers and satellite cells (151). IL-6 gene deletion in mice blunts muscle hypertrophy in response to overload (151). Recovery of muscle mass after hindlimb suspension is also absent in IL-6 knockout mice because of reduced IGF-I expression and Akt/mTOR signaling in muscle (152). IL-6 appears to play a positive role in muscle growth, which would be consistent with elevated circulating IL-6 levels during exercise. In fact, genetic polymorphisms in the promoter region of the IL-6 gene that increase IL-6 levels have been linked to increased fat-free mass in men (153). The IL-6–STAT3 signalling may contribute to some muscle adaptations occurring after training, such as the induction of mitochondrial biogenesis and increased mitochondrial activity. However, this effect appears to be restricted to specific muscle tissues (153). In contrast, recombinant human IL-6 injected subcutaneously into rats causes muscle wasting (154). In addition, IL-6 overexpression from birth in mice reduces muscle growth during postnatal life, causing muscle atrophy (155). Similarly, a 3-hour infusion of recombinant human IL-6 in healthy people causes a significant reduction in muscle protein turnover and plasma amino acids (156). These observations suggest that locally produced IL-6 may have an anabolic effect on muscle in response to physiological stimuli (e.g., exercise), whereas chronically elevated levels of IL-6 may be detrimental to muscle mass. In fact, the effect of IL-6 on muscle mass and function may differ under physiological and pathological conditions that affect IL-6 signaling. Briefly, classical IL-6 signaling involves the binding of IL-6 to the membrane-bound IL-6 receptor alpha-subunit and glycoprotein 130 signal-transducing subunit. In contrast, IL-6 trans-signaling, which has emerged as the predominant pathway by which IL-6 promotes disease pathogenesis, involves the binding of complexes of IL-6 and the soluble form of IL-6 receptor to membrane-bound gp130 (157, 158).

Circulating IL-6 levels are chronically elevated in people with obesity and T2D but are still much lower than that in people with cancer and muscular dystrophy (8, 31, 155, 159, 160). Adipose tissue, rather than muscle, is considered the primary source of chronically elevated circulating IL-6 and other pro-inflammatory factors (e.g., TNF-a) levels in obesity (23, 24). However, human myotubes exposed to TNF-a show increased IL-6 secretion, suggesting that muscle may also contribute to increased circulating IL-6 levels in people with obesity and T2D (43). Mice fed a high-fat diet exhibit obesity-related systemic insulin resistance and elevated circulating IL-6 levels, while blockade of excessive IL-6 signaling improves systemic insulin sensitivity illustrated by upregulated skeletal muscle glucose uptake (161). In humans, subcutaneous administration of recombinant IL-6 induces dose-dependent increase in fasting blood glucose in healthy people, probably by stimulating glucagon release and/or by inducing peripheral insulin resistance (162), whereas IL-6 blockade improves glycated hemoglobin A1c (HbA1c) in people with T2D (163). In addition, skeletal muscle response to IL-6 is blunted in people with T2D. Indeed, acute IL-6 infusion/treatment does not increase glucose uptake in people with T2D or myotubes from people with T2D, conversely to healthy people (164, 165). Thus, on one hand, chronically elevated circulating IL-6 levels may contribute to impaired glucose homeostasis in obesity. On the other hand, acute IL-6 may be effective in preventing T2D by increasing muscle glucose uptake, an effect that is lost in people with T2D (10). In contrast, acute IL-6 infusion still stimulates lipolysis and fatty acid oxidation in muscle from people with T2D, as observed in healthy people (149). Interestingly, plasma levels and muscle expression of IL-6 increase robustly but transiently in response to acute exercise in people with T2D similarly to healthy people (166), suggesting that IL-6 may still exert beneficial actions in muscle during T2D. On the other hand, exercise training (including aerobic exercise and resistance training) decreases basal plasma IL-6 levels in people with T2D, which is associated with metabolic improvement (167, 168). Regarding muscle mass, human studies have suggested a possible association between elevated circulating IL-6 levels and age-related decline in muscle mass and strength (155). Indeed, older people with sarcopenia have higher IL-6 levels than those without, and IL-6 levels are associated with sarcopenia (159). In addition, higher circulating IL-6 levels in older people are associated with impaired muscle response to exercise training, and impaired physical performance (169). Therefore, chronically elevated IL-6 may be an important contributor to the decline in muscle mass, strength, and function in people with obesity and T2D (169), potentially contributing to sarcopenic obesity.

Kumar et al. have reported reduced circulating IL-6 levels in adolescents six months after bariatric surgery (53). However, no association was found with HOMA-IR. Similarly, Villarreal-Calderon et al. found reduced circulating IL-6 levels six months after bariatric surgery, while metabolic improvement was evident as early as three months (170). In contrast, Sajoux et al. reported unchanged circulating IL-6 levels after bariatric surgery (145). Overall, decreased circulating IL-6 may indicate decreased adipose tissue and muscle inflammation (171). However, we have reported increased IL-6 mRNA expression in vastus lateralis three months after bariatric surgery, although with a lower amplitude than after acute exercise (54). Although we did not find an association between changes in IL-6 mRNA expression and changes in glucose homeostasis or fat-free mass (54), we hypothesize that increased IL-6 mRNA expression in muscle after bariatric surgery may locally exert beneficial effects on glucose and lipid metabolism as well as anabolism.




3.6 Fibroblast growth factor 21

Fibroblast growth factor (FGF) 21, a member of the FGF19 subfamily, is mainly an hepatokine, but also an adipomyokine (56, 172). FGF21 binds to the beta-Klotho complex, a FGF co-receptor that is highly expressed in metabolically active tissues such as the pancreas (173). Several observations support the role of FGF21 in glucose homeostasis. FGF21 treatment in both regular chow- and high-fat diet-fed mice improves hepatic and muscle insulin sensitivity, by decreasing hepatocellular and intramyocellular diacylglycerol content (174). Systemic FGF21 administration lowers blood glucose levels in monkeys with diabetes (173). In addition, incubation of human myotubes with FGF-21 increases basal and insulin-stimulated glucose uptake by upregulating GLUT1 expression, suggesting a direct effect of FGF21 on muscle (175). FGF21 also protects beta cells from apoptosis, possibly by reducing glucolipotoxicity (173).

FGF21 expression is very low in healthy muscle (176). However, cellular stressors including fasting, endoplasmic reticulum stress, mitochondrial myopathies, and metabolic disorders induce FGF21 release from muscle (176, 177). Muscle-specific FGF21 knockout mice have similar muscle fiber size than control mice, indicating that FGF21 does not control muscle mass under basal conditions (176). In contrast, FGF21 knockout mice are protected against starvation-induced muscle atrophy, whereas FGF21 overexpression in muscle induces muscle atrophy by activating autophagy (176). Similarly, systemic FGF21 treatment in female mice induces muscle atrophy, possibly through glucocorticoid signaling (178). In contrast, skeletal muscle-specific Akt1 transgenic mice which are characterized by muscle fiber hypertrophy exhibit increased FGF21 muscle expression and circulating levels (179). Taken together, these data suggest that muscle is a source of circulating FGF21 and that FGF21 promotes muscle atrophy in the context of cellular stress.

Increased circulating FGF21 levels have been reported in people with prediabetes and T2D, which may be a consequence of metabolic imbalance and/or FGF21 resistance (173, 175, 180). Circulating FGF21 levels correlate with fasting insulin, insulin resistance, and BMI in people with T2D but not in healthy people (175). However, muscle FGF21 mRNA expression is similar in people with T2D and healthy people (175), suggesting that increased circulating FGF21 levels do not originate from muscle. Plasma FGF21 levels increase after acute exercise (15). However, FGF21 analogs have shown little or no efficacy in improving body weight, blood glucose, and HbA1c in people with obesity and T2D (181). Regarding muscle mass, older people with sarcopenia have higher circulating FGF21 levels than those without (182). In addition, FGF21 levels were found to be associated with an increased likelihood of sarcopenia, low muscle mass, and low muscle strength, independent of sex, age, and BMI (182). However, a meta-analysis found no difference in circulating FGF21 levels between people with and without sarcopenia, and no strong correlation between the onset of sarcopenia and circulating FGF21 levels (183). Nevertheless, these data suggest that elevated FGF21 levels in people with obesity may be associated with sarcopenic obesity.

A steep increase in circulating FGF21 levels has been observed within weeks after bariatric surgery, followed by a slight decrease over time (184–186). These changes may be related to initial muscle wasting in response to caloric restriction, which tends to decrease over time. No association was found between changes in circulating FGF21 levels and HOMA-IR early after bariatric surgery (184). At longer term, people with T2D who had undergone bariatric surgery 12 years earlier exhibited similar circulating FGF21 levels than those who had not undergone bariatric surgery, despite lower BMI (187). Increased FGF21 expression in muscle after bariatric surgery would be expected to improve muscle insulin sensitivity, possibly through intramyocellular lipid depletion and restored adiponectin expression in adjacent adipocytes (174, 188). However, muscle data in humans are currently lacking to establish that changes in circulating FGF21 after bariatric surgery originate from muscle.




3.7 Meteorin-like protein

Meteorin-like protein (Metrnl) (also known as subfatin) is a neurotrophic factor homologous to meteorin that is abundant in cerebrospinal fluid and plays a role in neuroblast migration and neuroprotection (189). In addition, Metrnl is a cold- and caloric restriction-induced adipokine and a contraction-induced myokine that has been detected in conditioned media from muscle cells (45, 189–191). Resting muscle cells express only low levels of Metrnl, while its expression is upregulated by exercise along with PGC1A expression in human muscle tissue (13, 191). Consistently, plasma Metrnl levels increase after acute and chronic exercise (15).

Several observations support that Metrnl may have beneficial effects on glucose homeostasis. Metrnl treatment in mice increases the expression of genes associated with beige fat thermogenesis, as well as the expression of anti-inflammatory cytokines in white adipose tissue (191). In addition, Metrnl promotes adipocyte differentiation and lipid storage, likely by acting through induction of the transcription factor peroxisome proliferator-activated receptors (PPAR) gamma, the key regulator of adipocyte differentiation (191). Adipocyte-specific Metrnl knockout in mice exacerbates high-fat diet-induced insulin resistance, whereas adipocyte-specific transgenic Metrnl overexpression prevents high-fat diet-induced insulin resistance (192).

Data on circulating Metrnl levels in people with obesity and T2D are conflicting (189). Some studies have reported higher circulating Metrnl levels in people with obesity and T2D (193), while other studies have found lower Metrnl levels which negatively correlated with HbA1c (189, 194).

Data on changes in circulating Metrnl levels after bariatric surgery are also conflicting. Pellitero et al. found increased circulating Metrnl levels 12 months after bariatric surgery, which were inversely associated with HOMA-IR (194). These data suggest a potential insulin-sensitizing effect of Metrnl, which is consistent with experimental observations (192). In contrast, Schmid et al. reported decreased circulating Metrnl levels within days of bariatric surgery, followed by a progressive return to baseline (189). Decreased circulating Metrnl levels after bariatric surgery were also observed in rats, while Metrnl expression was increased in muscle and white adipose tissue (195). In contrast, liver Metrnl expression is reduced in humans after bariatric surgery, suggesting that tissues other than muscle and adipose tissue may contribute to changes in circulating Metrnl levels after bariatric surgery (196). Muscle data in humans are currently lacking to establish that changes in circulating Metrnl after bariatric surgery originate from muscle.




3.8 Myonectin

Myonectin (also known as erythroferrone or CTRP15) is a C1q/TNF-related protein that is predominantly expressed by skeletal muscle and is robustly secreted by muscle cells (197). Higher myonectin mRNA expression was found in slow-twitch and oxidative muscles compared to fast-twitch and glycolytic muscles in mice (197). Myonectin is tightly regulated by metabolic state, with fasting suppressing circulating myonectin and refeeding dramatically increasing both circulating and muscle mRNA levels (197). Similarly, diet-induced obesity decreases circulating and muscle mRNA levels of myonectin, whereas voluntary exercise increases both circulating and muscle mRNA levels (197). Administration of myonectin to mice reduces circulating levels of free fatty acids without altering adipose tissue lipolysis and enhances fatty acid uptake in cultured adipocytes and hepatocytes (197). Consistent with this, myonectin knockout mice have impaired lipid clearance from the blood and insulin resistance when fed a high-fat diet (198). In contrast, myonectin does not lower blood glucose levels (197). Collectively, these data suggest that myonectin links skeletal muscle to lipid homeostasis in liver and adipose tissue in response to changes in energy status (197).

In addition, myonectin may mitigate muscle atrophy (11). Indeed, disruption of myonectin exacerbates muscle atrophy and mitochondrial dysfunction related to age, sciatic denervation and dexamethasone in mice (199). In contrast, treatment with myonectin attenuates or suppresses muscle atrophy in these murine models via activation of AMPK/PGC1A signaling (199). Slow-twitch muscle fibers exhibit higher myonectin expression than fast-twitch muscle fibers, suggesting that myonectin may control mitochondrial biogenesis and muscle function (197).

Data on circulating myonectin levels in people with obesity and T2D are conflicting. Several studies have found lower circulating myonectin levels in people with obesity compared to healthy people, as well as a negative association between myonectin and indicators of metabolic risk, including BMI, visceral fat content, and indexes of insulin resistance (200, 201). In contrast, other studies have found higher circulating myonectin levels in people with obesity and T2D, as well as a positive association between myonectin, fat mass, and insulin resistance (202). Exercise training increases circulating myonectin levels in people with obesity, as observed in mice (15, 203).

Data on myonectin after bariatric surgery is limited. Li et al. demonstrated increased circulating myonectin levels six months after bariatric surgery (200). Although circulating myonectin levels were negatively associated with HOMA-IR at baseline, no association with HOMA-IR after bariatric surgery was reported in this study. In contrast, Butler et al. showed that people who had undergone bariatric surgery had similar circulating myonectin levels to those who had not undergone bariatric surgery, even though BMI was lower after bariatric surgery (187). However, these data were obtained 12 years after bariatric surgery. Increased myonectin levels after bariatric surgery could be interpreted as a mechanism to promote lipid uptake in tissues such as liver and muscle during caloric restriction. In addition, increased circulating myonectin levels after bariatric surgery may contribute to attenuating the decline in muscle mass and mitochondrial function observed at early time points after bariatric surgery. However, to our knowledge, associations between changes in myonectin and changes in muscle mass after bariatric surgery have never been reported. In our opinion, myonectin is an interesting candidate for future studies because its changes at circulating and muscle levels may be related to changes in lipid metabolism and muscle mass after bariatric surgery.




3.9 Apelin

Apelin (APLN) is a 36 amino acid peptide and the endogenous ligand of the G-protein coupled receptor APJ receptor. APLN is secreted by human muscle cells and various tissues, including adipose tissue (204, 205). APLN expression increases in response to insulin in adipocytes and to contraction in human muscle cells and tissue (204, 206). Muscle APLN expression increases after exercise and is associated with improved whole-body insulin sensitivity (204). In addition, treatment of APLN-null or obese insulin-resistant mice with APLN restores glucose tolerance by improving muscle glucose uptake and oxidation (207–209).

In addition, APLN plays a critical role in muscle physiology during aging (210). In the heart, APLN deficiency leads to premature cardiac aging (210, 211). In skeletal muscle, APLN deficiency (whole body and muscle-specific) or APLN receptor deficiency leads to muscle atrophy and functional changes in mice (210). In contrast, APLN treatment in aged mice reverses age-related sarcopenia by improving various processes associated with muscle rejuvenation in an AMPK-dependent manner, leading to muscle hypertrophy and strength recovery (210). In young and aged primary human myotubes, APLN treatment induces the activation of anabolic pathways that promote protein synthesis (AKT, mTOR, P70S6K and 4E-BP1). In addition, APLN inhibits the activation of age-related proteolysis players such as FOXO3a in aged human primary myotubes (210). Furthermore, APLN treatment induces muscle cell differentiation, thereby enhancing myogenesis (210). These data suggest that the development of agonists for the APLN receptor warrants further investigation as pharmacological strategies for sarcopenia.

Circulating APLN levels are higher in people with obesity and T2D and inversely associated with insulin sensitivity, suggesting either APLN resistance or increased secretion from adipose tissue (205, 206, 212, 213). Indeed, muscle APLN expression is similar between healthy people and those with T2D (204). In contrast, adipose tissue APLN expression is increased in people with T2D, suggesting that adipose tissue is responsible for increased circulating APLN levels in obesity and T2D (205, 208). Plasma APLN levels are independently associated with age-related sarcopenia (210). Furthermore, muscle APLN production in response to exercise is reduced with aging (210). Indeed, aging is associated with loss of skeletal muscle APLN and APLN receptor mRNA expression, as observed in mice and cultured primary human myotubes. Thus, APLN could be used as a biomarker of sarcopenia (210).

Decreased circulating APLN levels have been reported seven to twelve months after bariatric surgery and decreased APLN levels are associated with improved insulin sensitivity (205, 212, 213). Decreased APLN levels may also reflect or contribute to skeletal muscle mass loss after bariatric surgery, but data are lacking to confirm this hypothesis. We have shown that APLN mRNA expression in vastus lateralis is unchanged three months after bariatric surgery, which does not exclude changes in other muscle groups (54). In contrast, APLN expression in adipose tissue is reduced after bariatric surgery, which likely contributes to reduced circulating APLN levels and may be associated with improved glucose homeostasis (205). Thus, current data suggest that decreased circulating APLN contributes to or reflects improved insulin sensitivity after bariatric surgery. However, it has not been established that the changes observed at the circulating level originate from muscle.




3.10 Secreted protein acidic and rich in cysteine

Secreted protein acidic and rich in cysteine (SPARC or osteonectin) is a glycoprotein that regulates cell-extracellular matrix (ECM) interactions and exerts profibrotic effects in various tissues, including muscle (214, 215). In addition, SPARC is expressed in satellite cells and stimulates myogenesis (216–218). As a result, SPARC knockout mice have decreased muscle mass and impaired force recovery (216, 217, 219). In fact, reduced SPARC expression in mouse muscle upregulates atrogens, increases TGF-beta signaling, and decreases myofiber size, suggesting that SPARC deficiency leads to muscle atrophy (218). In contrast, SPARC treatment in young rats was found to be effective in promoting myogenesis (218). These data suggest that SPARC plays a role in the regulation of satellite cell function and protects against muscle atrophy. Paradoxically, SPARC is expressed in myotubes, myofibers, and satellite cells in several inherited and idiopathic muscle wasting diseases (216). In fact, transient increase in SPARC expression occurs during muscle regeneration and correlates with the expression of myogenic muscle factors (220). Therefore, increased SPARC expression in myopathies can be interpreted as a mechanism aimed at muscle repair.

Circulating levels and muscle mRNA expression of SPARC are higher in people with obesity and T2D than in lean people (214). Similarly, circulating levels of MMP-2 (72 kDa type IV collagenase), a key metalloproteinase involved in the removal of excess ECM (215), are higher in people with obesity than in lean people (145). People with sarcopenia have higher circulating SPARC levels than those without (221). This also suggests that SPARC can serve as a potential biomarker for sarcopenia.

Lee et al. have shown decreased circulating SPARC and MMP-2 levels nine months after bariatric surgery (215). Changes in circulating SPARC levels, but not MMP-2, correlated significantly with changes in HOMA-IR, suggesting that reduced SPARC is associated with improved insulin sensitivity after bariatric surgery (215). In contrast, Sajoux et al. have reported increased circulating MMP-2 levels six months after bariatric surgery (145), which may contribute to a healthier ECM phenotype in muscle. Notably, resistance exercise also increases circulating MMP-2 levels in humans (145). These data suggest that SPARC and MMP-2 may play opposing roles in the ECM remodeling during obesity and after bariatric surgery, thereby regulating muscle insulin sensitivity. Despite the documented effects of SPARC on muscle mass, data are lacking to determine its potential contribution to changes in muscle mass after bariatric surgery.




3.11 Follistatin

FST is a glycoprotein mainly secreted by the liver that is also detected in conditioned media from human myotubes, which qualitfies FST as a myokine (40). FST inhibits several members of the TGF-beta family, including MSTN (222). Muscles of FST heterozygous knockout mice exhibit reduced size and force production, and impaired muscle repair (222). In contrast, FST overexpression induces muscle hypertrophy through proliferation of satellite cells (i.e., muscle fiber precursors) and inhibition of MSTN and activin A (222). Circulating FST levels are usually higher in people with insulin resistance and T2D than in healthy people (223, 224). FST and MSTN secretion are both increased by primary myotubes from people with obesity and T2D, suggesting that muscle may contribute to increased circulating FST levels (40). In addition, increased FST at circulating and muscle levels could be interpreted as a compensatory mechanism to counteract increased MSTN during obesity. However, circulating FST levels are negatively associated with muscle mass, strength, and function in older women, suggesting that FST may be used as a biomarker of sarcopenia (225, 226).

The effects of bariatric surgery on circulating FST levels are inconsistent. Some studies have reported increased circulating FST levels after bariatric surgery (227, 228), while others have reported decreased or unchanged levels (228–230). Changes in circulating FST after bariatric surgery are likely of hepatic origin, as the liver is the major contributor to FST levels both at rest and during exercise (231). Nevertheless, Dantas et al. have shown that exercise training combined with bariatric surgery further decreases TGF-beta signaling, MSTN expression, SMAD 2-3 phosphorylation but increases FST expression in muscle, compared to bariatric surgery alone, which decreases FST expression (32). Thus, the interaction between bariatric surgery and exercise may be relevant to the auto- and paracrine actions of FST. Increased FST expression in muscle after bariatric surgery may help preserve muscle mass or muscle strength (85), although this remains to be confirmed.




3.12 Other myokines

Like SPARC and MMP-2, other myokines are involved in ECM remodeling, a process that is altered in muscle of people with obesity and T2D (232) but improved by bariatric surgery (32). However, the role of these myokines in ECM remodeling of human muscle after bariatric surgery remains to be determined. ADAM metallopeptidase with thrombospondin type 1 motif 9 (ADAMTS9) is a secreted metalloprotease active against proteoglycans (e.g. versican, aggrecan) (233). Computational analysis of the human secretome predicts that ADAMTS9 is a myokine (3, 5). The ADAMTS9 rs4607103 C allele is one of several genetic variants proposed to increase the risk of T2D through impaired insulin sensitivity (233). This variant is associated with increased expression of secreted ADAMTS9, decreased insulin sensitivity and decreased expression of mitochondrial markers in human muscle (233). Consistent with this, mice selectively lacking Adamts9 in skeletal muscle have improved insulin sensitivity, whereas overexpression of Adamts9 in muscle leads to impaired mitochondrial function, accumulation of harmful lipid intermediates, and impaired insulin signaling (233). To our knowledge, changes in circulating ADAMTS9 levels after bariatric surgery have not been reported. We have reported that ADAMTS9 mRNA expression increases in vastus lateralis three months after bariatric surgery (54). However, we did not find an association with changes in glucose homeostasis as assessed by the HOMA test (54), and whether ADAMTS9 would play a positive or negative role in ECM remodeling in the context of bariatric surgery is currently unknown.

Tripartite motif containing 72 (TRIM72, also known as mitsugumin or MG53) is a striated muscle-specific E3 ligase that promotes ubiquitin-dependent degradation of the insulin receptor and IRS-1, inducing muscle insulin resistance (234, 235). MG53 is detected in conditioned media from human muscle cells (5). Using perfused mouse muscle, Wu et al. showed that high glucose and insulin levels, conditions mimicking obesity and T2D, induce MG53 release by muscle (234). Similarly, oral administration of glucose increased circulating MG53 and blood glucose levels in healthy humans (234). In addition, systemic administration of recombinant MG53 causes systemic insulin resistance and metabolic syndrome in mice, by blocking the insulin receptor (234). However, we reported increased MG53 mRNA expression in vastus lateralis three months after bariatric surgery, but we did not find an association with changes in glucose homeostasis as assessed by the HOMA test (54). A better understanding of the role of MG53 in regulating muscle insulin sensitivity after bariatric surgery may provide new therapeutic avenues. Of note, no reliable ELISA kits are available for the quantification of circulating human MG53 (234).

Angiogenin and osteoprotegerin are type II muscle specific myokines that are more highly expressed and secreted by human triceps than soleus myotubes (49). Both myokines exert beta cell protective effects alone or against proinflammatory cytokines, such as reduced beta cell apoptosis and preserved GSIS (49). These myokines may mediate muscle-pancreas crosstalk. Osteoprotegerin acts as a decoy receptor for TNFSF11/RANKL and TNFSF10/TRAIL (236), thereby neutralizing their inflammatory effects, whereas angiogenin is a secreted protein involved in protein synthesis and angiogenesis (237). We have reported increased angiogenin and osteoprotegerin mRNA expression in vastus lateralis three months after bariatric surgery, but we did not find any association with changes in glucose homeostasis as assessed by the HOMA test (54). These myokines may contribute to improved beta cell function after bariatric surgery through anti-inflammatory and possibly pro-angiogenic effects.

IL-8, another member of the interleukin family, is a myokine that is potentially involved in angiogenesis in muscle (145). Circulating IL-8 levels increases in response to exercise (15, 145). IL-8 is also increased in conditioned media from insulin-resistant human myotubes exposed to pro-inflammatory factors (e.g., TNF-a) (43). Circulating IL-8 levels are lower in people with obesity than in lean people and non-significantly increased early after bariatric surgery (2-3 months), with a tendency to drift back to baseline levels over the longer term (4-6 months) (145). Notably, IL-8 secretion by primary human myotubes increases after bariatric surgery, suggesting that muscle can contribute to increased circulating IL-8 levels (238).

We have also identified xylosyltransferase 1 (XYLT1), leucine-rich repeat-containing G protein-coupled receptor 5 (LGR5), and serine protease inhibitor Kazal-type 5 (SPINK5) as putative myokines that may contribute to improved glucose homeostasis after bariatric surgery (54). mRNA expression of these putative myokines was indeed increased in vastus lateralis three months after bariatric surgery and associated with improved insulin sensitivity (54). XYLT1 is expressed in many tissues, including pancreas, muscle, and adipose tissue, and encodes xylosyltransferase 1, which is involved in the biosynthesis of extracellular matrix glycosaminoglycan chains (61). LGR5 is highly expressed in skeletal muscle and encodes the leucine-rich repeat-containing G protein-coupled receptor 5 involved in the canonical Wnt signaling pathway, which is associated with myogenic differentiation (61, 239). SPINK5 encodes serine peptidase inhibitor Kazal type 5, which is a serine protease inhibitor involved in anti-inflammatory protection (61). These putative myokines may therefore be involved in ECM remodeling, improved myogenesis and decreased inflammation in muscle after bariatric surgery. However, few data are available on these proteins and glucose homeostasis. XYLT1 and LGR5 variants have been reported to be associated with T2D in genome-wide association studies, suggesting a link between these proteins and glucose homeostasis (240–242). To the best of our knowledge, these proteins have not been reported in conditioned media from muscle cells, so we cannot confirm that they are truly myokines. Mechanistic studies are needed to characterize their role in the regulation of glucose homeostasis.





4 Discussion



4.1 Changes in myokines associated with changes in glucose homeostasis after bariatric surgery

Improved glucose homeostasis after bariatric surgery is characterized by improved systemic and tissue-specific insulin sensitivity as well as recovery of GSIS (58). These processes contribute to the remission of T2D after bariatric surgery (30, 57, 58). Bariatric surgery is associated with changes in circulating levels and muscle expression of several myokines (Table 1). The myokines identified in this review are all potentially involved in the regulation of glucose homeostasis in humans, based on their known metabolic effects (Figure 1). However, for most of them, no association was found between changes in their circulating levels or muscle expression and changes in glucose homeostasis after bariatric surgery. Furthermore, for most of them, only changes at the circulating level have been reported. Nevertheless, changes in certain myokines, including upregulation of muscle BDNF mRNA and increased circulating Metrnl levels, are associated with improved insulin sensitivity after bariatric surgery (54, 194). In addition, decreased circulating SPARC and APLN levels are associated with improved insulin sensitivity (212, 213, 215). These data suggest that changes in these specific myokines may mediate the insulin-sensitizing effect of bariatric surgery. Emerging evidence also suggests that bariatric surgery-induced changes in certain myokines, such as decreased circulating levels of BDNF (54), may be associated with changes in beta cell function after bariatric surgery. BDNF may therefore mediate muscle-pancreas crosstalk after bariatric surgery. Finally, myonectin is an interesting candidate for future studies as this myokine may regulate lipid metabolism after bariatric surgery. In conclusion, despite limited data, some myokines appear to be potential mediators of changes in glucose homeostasis after bariatric surgery.




4.2 Changes in myokines associated with changes in muscle mass after bariatric surgery

Loss of skeletal muscle mass is one of the most notable but unintended changes occurring after bariatric surgery (33). Bariatric surgery is associated with changes in circulating levels and muscle expression of myokines that may be involved in the regulation of muscle mass and strength in humans (Table 1). The results of experimental research indicate that FST, irisin, IL-6, BDNF, myonectin, SPARC, and APLN promote muscle hypertrophy and/or stimulate myogenesis, whereas MSTN and FGF21 can induce muscle atrophy (11) (Figure 1). However, for most of these myokines, their role in the regulation of muscle mass and strength in humans remains speculative, and consistent data after bariatric surgery are lacking. Among the myokines identified in this review, MSTN is undoubtedly the myokine most specifically involved in regulating muscle mass and best documented following bariatric surgery. Counterintuitively, we and others have shown that circulating levels of MSTN and its muscle expression decrease after bariatric surgery and correlate positively with muscle mass in this context (53–55, 110). Decreased MSTN signaling after bariatric surgery could be a protective mechanism for muscle mass during profound calorie and protein restriction. As for glucose homeostasis, some myokines appear to be potential mediators of changes in muscle mass after bariatric surgery, although data are limited.




4.3 Challenges in the study of myokines after bariatric surgery

There are several limitations to studying the contribution of myokines to changes in glucose homeostasis and muscle mass after bariatric surgery. Skeletal muscle has the potential to be a primary source of peptides at the circulating level because skeletal muscle is the largest tissue in the human body (90). However, most peptides known as myokines are not specifically secreted by skeletal muscle. The relative contribution of skeletal muscle in the regulation of circulating levels of such peptides is difficult to determine, especially in humans. Indeed, there is a large overlap between adipokines, hepatokines, cytokines, and myokines (12, 56). Thus, changes in circulating levels of peptides known as myokines after bariatric surgery may not originate from muscle. Analysis of the arteriovenous difference would be required to establish that muscle is the main source of the changes in myokines observed in the circulation (243), but this has limited applicability. The discrepancy between changes in circulating levels and gene expression of certain myokines, as observed for BDNF in our study (54), suggests that some myokines may act in an autocrine/paracrine rather than in an endocrine manner. Consequently, changes in muscle mRNA levels do not necessarily translate into changes in circulating levels (12). However, obtaining muscle samples before and after bariatric surgery in humans to assess changes at the mRNA level remains challenging.

Some myokines are preferentially expressed and secreted by certain muscle fibers (49, 50). The type of muscle analyzed, and more specifically the proportion of type I and type II muscle fibers, may therefore influence the myokine response to bariatric surgery. Single-cell analysis (e.g. single-cell RNA-sequencing) would offer greater precision in analyzing the response of type I and type II myotubes to bariatric surgery, as shown for exercise (244).

The muscle bed includes myofibers and muscle satellite cells, as well as fibroadipogenic progenitor cells, myoendothelial and endothelial cells, neurons, and immune cells (245). These different cell types influence all measurements made on intact tissue (245). It is therefore difficult to determine the specific contribution of muscle fibers to changes in myokine gene and protein expression using muscle samples, although they capture the in vivo situation. Primary human muscle cell culture offers the advantage of isolating muscle cells that have been shown to retain the metabolic characteristics of the donor (42, 246). However, myokines are expressed at low levels at rest, making their detection difficult in conditioned media under basal conditions. In addition, mass spectrometry, the most accurate and specific method currently available for secretome analysis, requires serum starvation, a cellular stressor that can alter muscle cell viability, metabolism, and differentiation (247). On the other hand, cell culture models have disadvantages such as a lower degree of muscle cell differentiation, lack of nerve stimulation and microenvironment, and potential contamination by fibroblasts, which may limit the translation of in vitro findings to the in vivo situation (247). To our knowledge, only one study has investigated changes in myokine secretion from human primary myotubes after bariatric surgery (238).

Regarding the effects of bariatric surgery on myokines, the current findings require further validation in larger studies and in more diverse populations. Most studies investigating the effects of bariatric surgery include premenopausal and Caucasian women, whereas age, sex, ethnicity, and body composition influence the muscle transcriptome, proteome, and phenotype (248, 249). In addition, most people who undergo bariatric surgery remain in the obese range early after bariatric surgery (BMI > 30kg/m²), which may still result in “higher or lower than normal” myokine levels. The relative contribution of bariatric surgery itself versus weight loss and lifestyle changes (e.g., increased exercise) in inducing changes in myokines after bariatric surgery is difficult to determine. In addition, the observed discrepancies in myokine levels and response to bariatric surgery between studies may be due to differences in assay methods or different physical activity levels. Overall, the extent to which muscle-derived factors alter circulating levels to influence distant organs remains to be determined in the context of bariatric surgery (2).

The fact that some myokines may exert opposite effects in healthy conditions and in metabolic diseases (e.g., IL-6) is another difficulty in inferring the expected effects of changes in specific myokines on glucose homeostasis and muscle mass. In addition, the effects of certain myokines are observed in the context of cellular stress (e.g., inflammation, fasting, and exposure to palmitic acid) because their expression and secretion are otherwise low under basal conditions.

The method used to assess glucose homeostasis also influences the results of human studies. Muscle insulin sensitivity can be assessed in vivo using several validated techniques. The hyperinsulinemic-euglycemic clamp (HEC) is the gold standard method for assessing whole-body glucose uptake in vivo (i.e., M-value), which is primarily dependent on muscle insulin sensitivity (250). However, the HEC is a complex procedure with limited daily applicability. Therefore, HOMA-IR is often used as an acceptable surrogate marker of muscle insulin sensitivity, as HOMA-IR correlates reasonably well with M in various populations (251). HOMA-IR can be easily calculated from fasting plasma insulin and glucose concentrations using the following formula [fasting glucose (mmoL/L)*fasting insulin (mUI/L)/22.5] (252) or a more sophisticated mathematical model (i.e., HOMA-2) (253). The HOMA-2 calculator can also provide a steady state estimate of beta cell function (HOMA2-B%). In most of the studies discussed in this review, glucose homeostasis was assessed using the HOMA test. We hypothesize that studies with a better assessment of muscle insulin sensitivity using the gold standard HEC may yield different results.

Finally, the muscle secretome is not limited to peptides (2, 6, 15), and the potential contribution of muscle metabolites and microRNAs to changes in glucose homeostasis and muscle mass after bariatric surgery requires further studies.





5 Concluding remarks

It is now well established that bariatric surgery alters the circulating levels and muscle expression of several myokines. Changes in some of them, including BDNF, Metrnl, SPARC, and APLN are associated with improved glucose homeostasis, particularly improved insulin sensitivity, after bariatric surgery. However, whether skeletal muscle is the source of the reported changes in circulating levels of these peptides has not been established. Myonectin is an interesting candidate for future studies, as this myokine may regulate lipid metabolism and muscle mass after bariatric surgery. Finally, MSTN is associated with changes in muscle mass after bariatric surgery and may serve as a biomarker and as a counter-regulatory mechanism of muscle mass loss in this context. Identification of myokines that regulate glucose homeostasis and muscle mass after bariatric surgery would provide novel therapeutic targets and biomarkers for obesity, T2D, and sarcopenia.
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Introduction

Type 1 diabetes is associated with deficits in both skeletal muscle and bone. Inhibition of myostatin, a negative regulator of muscle mass, was explored as a druggable target to improve the musculoskeletal phenotype associated with insulin-deficient diabetes in female mice.





Methods

We investigated whether administration of an inhibitory myostatin antibody (MyoAb) in streptozotocin-induced diabetes in female mice is protective for skeletal muscle and bone. DBA/2J female mice were injected with low-dose streptozotocin or with citrate buffer (vehicle). Subsequently, mice were implanted with insulin-containing or vehicle pellets, with groups being randomized to myostatin or control antibody for 8 weeks. At study end, body composition and in vivo contractile muscle function were assessed, systemic myostatin and glycated hemoglobin were quantified, gastrocnemii were weighed and analyzed for fiber type composition, and femur microarchitecture and biomechanical properties were analyzed.





Results

Glycated hemoglobin was significantly higher in diabetic mice compared to non-diabetic mice and diabetic mice treated with insulin. In diabetic mice, the combination of insulin and MyoAb resulted in higher lean mass, higher average gastrocnemius weight and larger muscle fiber size (Type IIB, IIX and hybrid fibers) compared to no treatment. In vivo contractile muscle function testing showed that insulin increased muscle torque in diabetic mice, however there was no effect of the MyoAb. Lastly, microarchitecture analysis of the distal femur showed improvement in some, but not all trabecular bone properties, in mice treated with insulin alone or together with MyoAb. Specifically, trabecular thickness and trabecular bone volume fraction were higher with combination treatment compared to insulin treatment alone.





Conclusions

Myostatin inhibition when used in conjunction with insulin treatment improves muscle mass and trabecular bone properties in a mouse model of insulin-deficient diabetes in female mice.





Keywords: type 1 diabetes, skeletal muscle, bone, myostatin, insulin





Introduction

Insulin-deficient diabetes or type 1 diabetes (T1D) is associated with deficits in skeletal strength and muscle mass (1–3) as well as increased risk for fracture (4–6). These complications involving the musculoskeletal system are likely a result of multiple factors that affect skeletal muscle and bone, including low insulin and IGF-1 levels, hyperglycemia and advanced glycation end-products (AGEs), diagnosis of T1D in childhood or adolescence resulting in inability to attain optimal muscle and bone mass during early adulthood and duration of diabetes, amongst others (3).

Secreted molecules from skeletal muscle, termed myokines, have been assessed in those with T1D and are found in different levels compared to healthy individuals (7–10). Myostatin, a myokine that is a negative regulator of muscle mass (11) and bone mass (12), has been shown to be elevated in the serum of those with T1D compared to healthy controls (7, 8). Due to its potent role in skeletal muscle development and its additional direct action on bone, inhibiting myostatin in T1D might help ameliorate the negative effects of diabetes on both muscle and bone.

Indeed, our previous studies have shown that pharmacologic inhibition of myostatin with an inhibitory myostatin antibody (MyoAb) is associated with higher body weight and lean mass, and better bone material properties and bone morphology in male insulin-deficient, diabetic mice when compared to treatment with a control antibody (13). The rate and severity of T1D complications exhibit sexual dimorphism, with some studies reporting that females experience a higher risk of cardiovascular complications (14) and worse metabolic control (15), whereas males have a higher risk of diabetic nephropathy (16). Due to concerns around sex-dependent outcomes in diabetes, we sought to evaluate whether the inhibition of myostatin in combination with insulin therapy would result in similar effects on the skeletal muscle and bone phenotype of female, insulin-deficient diabetic mice, compared to what we have previously shown in male mice.





Methods




Mouse study design

Induction of diabetes and treatment arms: Nine-week old female DBA/2J mice (n=8-10/group, The Jackson Laboratory, BarHarbor, ME) were injected with streptozotocin (Sigma Aldrich, Burlington, MA, USA) at 40 mg/kg/day in citrate buffer (diabetic-D) or with citrate buffer alone (non-diabetic-ND) intraperitoneally for five consecutive days, as previously described (13). Attrition rates varied across groups at study end (see limitations section). After confirming persistent hyperglycemia (non-fasting blood glucose above 250 mg/dl), diabetic (D) mice were randomized to receive sustained release LinBit insulin implants (Ins) (LinShin, Canada, Inc) or blank palmitic acid micro-crystal implants as control (Pal) (LinShin, Canada, Inc) while non-diabetic (ND) mice received palmitic acid containing LinBit implants (Pal) under anesthesia, as reported in our previously published methods (13). All implants were inserted and replaced based on manufacturer’s recommendations (http://www.linshincanada.com/linbit.html). Diabetic (D) and non-diabetic (ND) mice were further randomized to receive anti-myostatin (REGN647-MyoAb, Regeneron, Tarrytown, NY, USA) or Isotype control (REGN1945-ConAb, Regeneron) antibody at 10 mg/kg twice/week for 8 weeks, which were given subcutaneously after brief anesthesia with isoflurane, as previously described (13). The REGN647-MyoAb is highly specific to myostatin and effectively inhibits myostatin at the recommended dose in previous studies that have evaluated skeletal muscle and bone (17–19). Mouse weight was measured weekly and prior to euthanasia. For euthanasia, we use the open drop method of isoflurane anesthesia using 20% isoflurane in propylene glycol. After deep anesthesia induction as judged by non-responsiveness to a painful stimulus (tail pinch), mice are decapitated using surgical scissors. Gastrocnemius weight was measured after euthanasia. All mice were maintained in a 14-hour light:10-hour dark cycle and provided ad libitum access to chow diet (2018 Teklad, Envigo, Indianapolis, USA) and water throughout the study. All animal procedures were approved by the University of Kentucky Institutional Animal Care and Use Committee.





Serum assays

During euthanasia whole blood was collected and stored at -20°C or processed for serum isolation. Serum specimens were stored at -20°C until ready to be assayed. Myostatin was measured in serum with a GDF-8/Myostatin Quantikine ELISA kit (Cat #: DGDF80, R&D systems/Biotechne, NE Minneapolis, MN, USA), Procollagen type 1 N-terminal propeptide (P1NP) was measured with Rat/mouse P1NP EIA assay kit (Euroimmun, Mountain Lakes, NJ, Cat # AC-33F1) and Cross Linked C-telopeptide of Type 1 Collagen (CTX-1) was measured with a mouse CTX-1 ELISA kit (ThermoFisher, Waltham, MA, Cat # EEL219). Glycated hemoglobin was measured in whole blood with an enzymatic mouse Hemoglobin A1c assay kit (Crystal Chem, Elk Grove Village, IL, USA, Cat # 80310).





Body composition analysis

Animal body composition was evaluated by Echo-MRI™ (EchoMRI-100 (EMR-102 2016)) scans and parameters including total body fat, lean mass, and total body water were reported at the beginning of the study and prior to euthanasia, as previously described (13). During the scans, conscious mice were individually restrained in a clear cylindrical plastic holder (sized by animal weight). Each scan lasted approximately 2 minutes.





Immunohistochemistry/fiber type and size analysis

The right gastrocnemii were excised, covered with O.C.T. Compound and mounted at resting length. They were frozen in liquid nitrogen-cooled isopentane and stored at −80°C until cryosectioning. Using a cryostat (HM525-NX, Thermo Fisher Scientific, Waltham, MA, USA), 7 μm-thick sections were cut and air dried for 1 h. Sections were stored at −20°C before IHC staining. Subsequently, for immunofluorescent assessment of muscle fiber type distribution and fiber type-specific cross-sectional area (CSA), unfixed cryosections were incubated overnight at 4°C in primary antibodies against myosin heavy chain (MyHC) type 1 (dilution 1:100, Developmental Studies Hybridoma Bank (DHSB), Cat#BA-D5 IgG2b), 2A (dilution 1:100, DSHB, Cat# SC-71 IgG1) and 2B (dilution 1:100, DSHB, Cat#BF-F3 IgM) in addition to laminin to visualize fiber borders (rabbit IgG, dilution 1:200; Millipore Sigma, Cat # L9393). MyHC type 2X expression was inferred from unstained fibers. On the following day, slides were washed in PBS and incubated for 90 minutes at room temperature in fluorescent-conjugated secondary antibodies (goat anti-mouse IgG2b, Alexa Fluor 647 secondary antibody (1:250; Invitrogen, Cat# A21242), goat anti-mouse IgG1, Alexa Fluor 488 secondary antibody (1:500; Invitrogen, Cat# A21121), goat anti-mouse IgM, Alexa Fluor 555 secondary antibody (1:250; Invitrogen, Cat# A21426) and goat anti-rabbit IgG, AMCA conjugated secondary antibody (1:150; Vector Laboratories, Cat#Cl-1000)) in PBS. Sections were post-fixed in methanol prior to mounting. Images were captured at 10x with an upright microscope (AxioImager M1; Zeiss, Göttingen, Germany). MyoVision software was used for automated analysis of fiber type distribution, and fiber type-specific cross-sectional area calculations (20).





In vivo plantar flexor peak torque measurement

Prior to euthanasia, muscle function was assessed in a subgroup (n=4-5/group) of diabetic (D) mice. The strength of the plantar flexor muscle complex was assessed by in vivo isometric peak tetanic torque, similar to our prior published methods (13, 21). Briefly, in an induction chamber, mice were anesthetized with 2.5% isoflurane vaporized in 1.5 L/min oxygen (VetEquip vaporizer). Mice were then transferred to a secure nose cone with a continuous flow of isoflurane in oxygen. The right hind limb was analyzed for all mice, and fur was trimmed (Wahl Bravmini, Wahl Corporation) to ensure unobstructed electrode placement. Mice were placed in the supine position on a 37°C temperature regulated platform (809c in-situ mouse apparatus, Aurora Scientific, Aurora, ON, Canada), and the hind limb was secured using a clamp at the knee with the foot placed in a footplate on a dual-mode lever and motor (300D-300C-LRFP, Aurora Scientific). Surgical tape was wrapped around the foot secured to the footplate to prevent movement of the heel of placement shifting, and the footplate and motor arm was adjusted to place the tibia parallel with the platform with a 90-degree angle at the ankle. Needle electrodes were positioned percutaneously slightly lateral to the knee to maximally stimulate the tibial nerve using an electrical stimulator (High Power Bi-Phase Stimulator, Aurora Scientific). Using repeated twitches with the Instant Stimulation function with Live View in Dynamic Muscle Control LabBook (DMC v6.000), placement of needle electrodes was adjusted to optimize location to generate maximum isometric torque and eliminate antagonistic dorsiflexion. Once probe placement occurred, a series of progressive twitches were performed to determine optimal amperage to be used for the force-frequency experiment, with the goal of determining the lowest amperage to achieve the maximal twitch force output. Optimal amperage to produce maximal torque was determined by a progressive series of twitch experiments (0.05 s stimulus duration) beginning with 10 mA and increasing in small increments until the maximum torque stimulated by the minimum amperage was recorded with a maximum number of attempts set at 5. The amperage then remained constant throughout the force-frequency experiment (10, 40, 80, 120, 150, 180, and 200 Hz, 0.25s stimulus duration with a 2-minute rest period between each stimulus) from which isometric peak tetanic torque was recorded. Peak torque data were collected using DMC v6.000 and analyzed with Dynamic Muscle Analysis software (DMA v5.501). Plantar flexor isometric tetanic torque is reported with a force- frequency curve (with and without adjustment for mouse body weight).





Micro-computed tomography analysis

Following euthanasia, the left femurs were stored in phosphate buffered saline (PBS) at −80°C. Following previously published methods (22, 23), the mid-point of the femur diaphysis and the distal femur metaphysis were scanned in PBS at room temperature using ex vivo μCT scanner (Scanco μCT50, Scanco Medical AG, Brϋttisellen, Switzerland) and then evaluated to assess cortical structure (e.g., cortical thickness, Ct.Th, cross-sectional bone area, Ct.Ar, cross-sectional moment of inertia, Imin), trabecular architecture (e.g. bone volume fraction, BV/TV, trabecular thickness, Tb.Th, trabecular number, Tb.N., connectivity density, Conn.D), and tissue mineral density of cortical and trabecular bone (Ct.TMD and Tb.TMD). For both scans (1.86 mm across the femur mid-point and 3.72 mm above the physis), the scanner settings were as follows: an isotropic voxel size of 6 μm, peak x-ray voltage of 70 kVp, tube current of 114 μA, integration time of 300 ms, sampling rate of 1160 acquisitions per 1000 projections per rotation of the tube holder. A 0.1 mm thick, aluminum filter was between the X-ray beam and bone to narrow the energy spectrum and minimize beam hardening effects. Furthermore, a manufacturer recommended beam hardening correction (as part of the calibration to the hydroxyapatite phantom) was applied during each scan. Specifically, a manufacturer provided quality control (QC) phantom (part no. A09200 Ø34 x 60 mm) with five packed columns of HA (Mean of rod 1, 2, 3, 4 and 5 being -15, 100, 210, 415, and 790 mg HA/cm3) was scanned on a weekly and monthly basis to ascertain that the x-ray attenuation was within ±5% of factory standard. All the scans were performed with this calibration file for a chosen x-ray energy setting and the manufacturer recommended beam hardening (BH) correction of 1200 mg HA/cm3.

Post-reconstruction of the scans by Scanco software, we applied a noise filter to the image stack (Gaussian smoothing parameters: standard deviation of the distribution, Sigma, and weighting of neighboring pixels, Support) of the diaphysis (Sigma = 0.8 and Support = 2) and metaphysis (Sigma = 0.2 and Support = 1). Then, segmentation of bone from soft tissue and air used different global density threshold for cortical bone (≥900.5 mgHA/cm3) and trabecular bone (≥429.4 mgHA/cm3) so that bone morphology and density parameters could be determined by Standard Scanco evaluation scripts.





Three-point bend testing

Following the μCT evaluation of the femur mid-diaphysis, each hydrated femur was loaded-to-failure at 3 mm/min in three-point bending with a span of 8 mm using a mechanical testing system (DynaMight 8800, Instron, Norwood, MA). During the mechanical test of each bone, the anterior side faced down and the medial side forward. The resulting force (Honeywell load cell, P/N 060-0863-02, maximum capacity of 100N) vs. displacement (linear variable differential transducer of the linear actuator) data were acquired at 50 Hz and processed using a custom Matlab (Mathworks, Nack, MA) script to determine the stiffness, yield force, ultimate force, post-yield displacement (PYD), and work-to-failure (area under the force vs. displacement curve). The yield point was identified at the intersection of the force vs. displacement curve and a linear curve with a slope of 0.9 x stiffness originating from the origin. Using equations from beam theory and μCT structural parameters, we estimated modulus and ultimate stress. Toughness was 3 x work-to-fracture/Ct.Ar/Span (24).





Statistical analysis

We summarize the mouse data using means and the standard deviation for continuous variables. In understanding the differences between the six groups, we compare the outcomes using the averages and represent these using graphs. We used the One-way Analysis of Variance (ANOVA) for comparing multiple groups for each outcome variable, followed by multiple comparisons with the Tukey method across the six mouse groups. The general linear model technique compares the six groups while evaluating the magnitude and the direction of each treatment for outcome variables.

We evaluated the normality of the continuous variables using both graphical and statistical methods. Specifically, we used quantile-quantile (Q-Q plots) to visually compare the distribution of the variables against a normal distribution. Given the small sample size within the groups, we applied the Shapiro-Wilk test to assess normality. To validate the results from the ANOVA, we conducted a Wilcoxon test, a non-parametric alternative. This non-parametric test was chosen due to its ability to handle non-normally distributed data, making no assumptions about the underlying distributions of the mice groups. A boxplot of the variables did not reveal any noticeable outliers. To further investigate the impact of potential outliers, we performed a sensitivity analysis. In cases where outliers were detected, we employed robust statistical methods, such as non-parametric tests, to reduce their influence on the results.

We conduct all statistical hypothesis tests at the standard 5% significance level with a rejection of the null hypothesis for p-values >0.05. The SAS version 9.4 (TS1M1 SAS Institute Inc., Cary, NC, USA) statistical software and Graph Pad Prism 10.4.0 version are used for all analyses.






Results




Insulin therapy resulted in lower glycated hemoglobin and higher bone formation marker P1NP, whereas MyoAb therapy resulted in lower systemic myostatin

Glycated hemoglobin (HbA1c) at study end was significantly higher in mice with diabetes treated with vehicle (D-Pal) compared to non-diabetic mice (ND) and diabetic mice treated with insulin (D-Ins) (Figure 1A). Furthermore, HbA1c was higher in mice treated with combination of insulin and myostatin antibody compared to those treated with insulin alone (D-Ins-MyoAb vs D-Ins-ConAb, 6.3% vs 4.6%, p=0.008) (Figure 1A). Systemic myostatin was lower in D-Pal-ConAb (16.3 ng/ml) compared to ND-Pal-ConAb (31.8 ng/ml, p<0.001) or D-Ins-ConAb mice (15.9 ng/ml, p<0.001) (Figure 1B). As anticipated, all mice treated with MyoAb had lower detected serum myostatin levels, although the MyoAb could potentially interfere with the myostatin assay making the reductions in myostatin seen in the MyoAb treated mice partially artifactual. Bone formation marker P1NP was lower in diabetic mice compared to non-diabetic mice, while insulin-treated, diabetic mice appeared to have higher P1NP levels compared to diabetic mice not treated with insulin (D-Ins-ConAb vs D-Pal-ConAb, 21.9 ng/ml vs 4.8 ng/ml, p<0.0001) (Figure 1C). Bone resorption marker CTX-1 was higher in diabetic mice compared to non-diabetic mice, however insulin treatment was only associated with a trend for lower CTX-1 levels (D-Ins-ConAb vs D-Pal-ConAb, 1747.3 pg/ml vs 2109.8 pg/ml, p>0.1) (Figure 1D). There was no significant effect of the myostatin inhibitory antibody on P1NP or CTX-1 levels.
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Figure 1 | Effects of streptozotocin (STZ)-induced diabetes, insulin and MyoAb treatment on whole blood glycated hemoglobin (HbA1c) (A), serum myostatin (B), serum procollagen type 1 N-terminal propeptide (P1NP) (C) and plasma Cross Linked C-telopeptide of Type 1 Collagen (CTX-1) (D) at study end. Data presented as individual points with mean ± SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns: not significant.





Treatment with combination of insulin/MyoAb resulted in higher body weight and skeletal muscle mass compared to no treatment

Diabetic mice had lower body weight, lean mass and fat mass compared to non-diabetic mice at study end (Figures 2A–C). Insulin treated diabetic mice had higher body weight at study end compared to non-insulin treated diabetic mice (D-Ins-ConAb vs D-Pal-ConAb, 20.5 g vs 17.8 g, p=0.019) (Figure 2A). Their lean mass was also higher than non-insulin treated diabetic mice at study end (D-Ins-ConAb vs D-Pal-ConAb,17. 3 g vs 15.5 g, p= 0.061) (Figure 2B). Diabetic mice treated with combination of insulin/MyoAb had higher body weight compared to diabetic mice treated with MyoAb or insulin alone (D-Ins-MyoAb vs D-Pal-MyoAb, 22.4 g vs 19 g, p<0.0001 and D-Ins-MyoAb vs D-Ins-ConAb, 22.4 g vs 20.5 g, p=0.04) (Figure 2A). Their lean mass was also significantly higher compared to mice treated with MyoAb or insulin alone (D-Ins-MyoAb vs D-Pal-MyoAb, 19.1 g vs 16.1 g, p<0.001 and D-Ins-MyoAb vs D-Ins-ConAb, 19.1 g vs 17.3 g, p=0.03) (Figure 2B). Lastly, fat mass was higher in non-diabetic mice compared to mice with diabetes, not treated with insulin, but similar to diabetic mice treated with insulin. No significant differences in fat mass were observed between MyoAb and ConAb groups (Figure 2C). Similarly to lean mass improving with combination therapy with insulin/MyoAb, average gastrocnemius weight showed greater improvements with combination treatment compared to MyoAb or insulin alone (D-Ins-MyoAb vs D-Pal-MyoAb, 0.1 g vs 0.06 g, p<0.001 and D-Ins-MyoAb vs D-Ins-ConAb, 0.1 g vs 0.09 g, p=0.056) (Figure 2D).
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Figure 2 | Effects of STZ-induced diabetes, insulin and MyoAb treatment on body weight (A), lean mass (B), fat mass (C) as measured by Echo MRI and average gastrocnemius mass (D) at study end. Data presented as individual points with mean ± SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.





Insulin +/- MyoAb treatment was associated with improved muscle fiber size in diabetic mice, whereas skeletal muscle strength partially improved with insulin therapy

Fiber type staining did not show any differences in type I or hybrid fiber percentage because of diabetes status or any of the treatments (data not shown). Diabetic mice had a trend towards lower percentage of type IIA and higher percentage of type IIB fibers and significantly lower percentage of type IIX fibers compared to non-diabetic mice (ND-Pal-ConAb vs D-Pal-ConAb) (Figures 3A–D). Insulin treatment resulted in a trend for higher type IIA and IIX fiber percentage (Figures 3A–D). Combined treatment with insulin and MyoAb resulted in higher percentage of type IIA fibers in diabetic mice compared to vehicle (D-Ins-MyoAb vs D-Pal-ConAb, p=0.048, Figures 3A, D).

[image: Graphical representation of muscle fiber analysis includes several annotated graphs (A to J) showing percentages and cross-sectional areas (CSA) of muscle fiber types IIA, IIB, and IIX under various conditions. The right section includes fluorescent-stained images of muscle tissue with different treatment labels. Graphs K and L display torque force frequency data with multiple colored lines indicating different experimental groups. Detailed statistical significance is marked on graphs and the tissue image is labeled with fiber type colors.]
Figure 3 | Effects of STZ-induced diabetes, insulin and MyoAb treatment on fiber percent (A–C) and cross-sectional area (CSA) (E–J) in gastrocnemius muscle. Representative images from immunohistochemical analysis of gastrocnemius muscle cross sections for myosin heavy chain (MHC) type I (pink), type IIA (green) and type IIB (red) (D). Unstained fibers are MHC type IIX. Scale bar = 50 μm. Effects of STZ-induced diabetes, insulin and MyoAb treatment on torque-frequency curve (K) and torque-frequency curve adjusted for body weight (L) at study end. For K and L non-diabetic control mice were from a separate cohort that did not receive MyoAb or ConAb. Data presented as individual points with mean +/- SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

When evaluating the average fiber cross-sectional area (CSA) with no regard to specific fiber type, diabetic mice had significantly lower CSA compared to non-diabetic mice, whereas diabetic mice on insulin had similar fiber CSA to non-diabetic mice (Figure 3E). The MyoAb did not appear to significantly increase average CSA (Figure 3E). No changes were observed in the cross-sectional area (CSA) of type I fibers as result of diabetes or any of the treatments (Figures 3F, D). Diabetic mice had a trend for smaller CSA of type IIA fibers (Figures 3G, D) and significantly smaller CSA in type IIB and IIX fibers compared to non-diabetic mice (Figures 3H, I, D). Insulin treatment was associated with larger type IIB and IIX (Figures 3H, I, D) but not type IIA fiber CSA compared to no insulin treatment (Figures 3D, G). MyoAb and insulin combined treatment was associated with larger CSA of hybrid fibers when compared to mice treated with neither (D-Ins-MyoAb vs D-Pal-ConAb, 2134 µm2 vs 1605 µm2, p=0.046) (Figures 3D, J).

In vivo contractile muscle function testing showed that insulin treatment compared to vehicle was associated with increased raw muscle torque in diabetic mice (D-Ins-ConAb vs D-Pal-ConAb, p=0.04, Figure 3K), however, this effect was no longer significant when correcting muscle torque to body weight (Figure 3L). Therefore, this suggests that insulin improved muscle torque due to an increase in lean mass/body weight. Lastly, there was no further benefit in muscle strength with the addition of MyoAb to insulin treatment (D-Ins-ConAb vs D-Ins-MyoAb, Figure 3K).





Several cortical and trabecular bone parameters and ultimate force were superior in insulin +/- MyoAb treated diabetic mice compared to no treatment

µCT analysis of the femur showed that cortical properties, such as cortical bone area, cortical thickness and cortical porosity, were superior in mice treated with insulin treatment compared to non-insulin treated mice, however the addition of MyoAb did not further improve these parameters (Figures 4A, B, Table 1). In the trabecular compartment there was improvement in some, but not all bone properties, in mice treated with insulin alone or combined with MyoAb (Figure 4, Table 1). Specifically, trabecular bone volume fraction was improved with combination treatment of insulin/MyoAb compared to insulin treatment alone (D-Ins-MyoAb vs D-Ins-ConAb, 5.87% vs 4.61%, p=0.03) (Figure 4C, Table 1), as was trabecular thickness (D-Ins-MyoAb vs D-Ins-ConAb, 40 µm vs 30µm, p=0.009) (Figure 4D, Table 1).
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Figure 4 | Effects of STZ-induced diabetes, insulin and MyoAb treatment on bone microarchitecture. Selected cortical properties, including Cortical Bone Area (A) and Cortical Thickness (B); selected trabecular properties including Bone Volume Fraction (C) and Trabecular Thickness (D) as measured by microCT analysis. Representative images of cortical and trabecular bone microarchitecture by microCT (E). Data presented as individual values with mean ± SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Table 1 | MicroCT trabecular and cortical parameters of femur, including whole bone mechanical properties of femur from 3-point bending test.


[image: A detailed table comparing bone parameters between different groups; it covers diaphysis/cortical and metaphysis/trabecular bone metrics like marrow volume, cortical area, and trabecular thickness. Statistical significance and effects of diabetes, insulin, and antibodies are indicated with p-values. Abbreviations and units are noted, with explanations provided below the table.]
Interestingly, three-point bending testing did not show an effect of diabetes in most measured parameters, apart from modulus (Table 1). Despite this, insulin treatment was associated with higher ultimate force compared to no insulin treatment (D-Palm-ConAb vs D-Ins-ConAb, Table 1). Furthermore, MyoAb was associated with effects in mechanical properties of the bone that seemed to be depending on the status of diabetes. In non-diabetic mice, there was a trend for higher ultimate stress (bending strength) and superior ultimate force (structural-dependent bending strength) and post-yield displacement as a result of treatment with MyoAb (ND-Pal-ConAb vs ND-Pal-MyoAb, Table 1), whereas in diabetic mice without insulin MyoAb did not affect the strength of the femurs (D-Pal-ConAb vs D-Pal-MyoAb, Table 1).






Discussion

T1D is associated with increased fracture risk (5, 6, 25) and impaired skeletal muscle mass and function (2, 26). Skeletal muscle and bone communicate under healthy conditions (27, 28) but also during disease states, including diabetes (3). Myostatin is a secreted myokine with direct effects on bone (29). It acts as a negative regulator of skeletal muscle mass (11) and bone mass (30–32). Recently, serum levels of myostatin were found to be elevated in humans with T1D (7, 8), however, the significance of this elevation is still unclear. Given its role as a negative regulator of skeletal muscle and bone, its inhibition offers a targeted intervention that could be beneficial for diabetic bone and muscle (33–35).

Contrary to what has been observed in humans with T1D who have higher myostatin levels (7), in our study, female insulin-deficient, diabetic mice, did not have higher systemic myostatin levels compared to non-diabetic mice. This was true even after adjusting myostatin for lean mass. This finding is consistent with our findings in male, insulin-deficient mice where myostatin levels were lower in diabetic mice compared to non-diabetic mice (13). Additionally, we observed that insulin treatment is associated with higher myostatin levels, similar to the non-diabetic state. This is contrary to what has been observed in diabetic rats where no change in myostatin transcripts was observed with streptozotocin-induced diabetes or insulin treatment (36). Given contradictory findings, further studies are needed to fully elucidate whether insulin and the diabetic state have direct effects on myostatin expression and secretion.

In this study, insulin monotherapy of female, diabetic mice resulted in higher body mass, lean mass and bone formation marker P1NP, and improved bone microarchitecture and biomechanical properties, which is in accordance with previous studies in insulin-deficient female mice (37). Despite myostatin levels being lower in diabetic mice, our study shows that inhibiting myostatin with MyoAb has positive effects for skeletal muscle and bone when combined with insulin. Furthermore, in this study, MyoAb monotherapy was associated with small benefits in the biomechanical bone properties of non-diabetic mice, however, in diabetic mice some of the biomechanical properties are not affected or are negatively affected by the antibody. Lastly, treatment with MyoAb did not result in gains in muscle mass, muscle strength or improved bone trabecular properties in diabetic mice, unless combined with insulin. Insulin and MyoAb combined therapy resulted in better muscle torque, however this is likely due to higher lean mass and not due to improved muscle quality in the treated groups. Indeed, this lack of improvement in specific force has previously been reported by other groups that have used MyoAb therapy in mice (19).

Insulin therapy combined with MyoAb increased the ultimate force that the femur mid-diaphysis experienced during the load-to-failure test likely because combined therapy increased cortical thickness and decreased cortical porosity. Ultimate stress, which is an estimate of the material strength of cortical bone, likely did not improve because tissue mineral density of cortical bone was not affected with combination treatment. These results are in accordance with our previous studies showing positive effects of combination treatment of insulin and myostatin inhibition on the musculoskeletal phenotype of male diabetic mice (13). However, male diabetic mice showed improvements in skeletal muscle and bone parameters both with MyoAb monotherapy and combined insulin/MyoAb therapy (13). In that study, we reported that MyoAb resulted in changes in genes involved in the Wnt pathway in skeletal muscle from male diabetic mice (13). Additionally, we showed decreased Smad2 phosphorylation in osteoblasts treated with the MyoAb in vitro (13), supporting direct effects of the MyoAb on bone.

The changes in cortical bone properties observed with MyoAb monotherapy only in male mice could be related to the skeleton of female mice being more resistant to the negative effects of insulin deficiency and positive effects of MyoAb treatment on bone size and strength. In addition, female mice could require different antibody dosing for its effects to be apparent in this bone compartment. Indeed, myostatin has been shown to be reduced in male mice as a result of growth hormone regulation (38), therefore, its inhibition with MyoAb could be potentiated in male compared to female mice explaining the limited response to the MyoAb monotherapy in female mice. Additionally, human studies have shown increased mRNA of the activin receptor IIB (AcvRIIB) gene in women compared to men (39), which could account for increased myostatin activity in females and negative regulation of skeletal muscle size. Lastly, estradiol signaling in skeletal muscle has been implicated in myostatin regulation and myostatin has been shown to mostly affect carbohydrate metabolism pathways in male skeletal muscle, whereas in females it mostly affects oxidative metabolism pathways (40). These studies support a sex-specific susceptibility to myostatin, which likely explains the more robust response to MyoAb monotherapy in our previous study involving male diabetic mice.

Coleman et al. reported improvements in insulin sensitivity and glycemic control with myostatin inhibition in a type 1 diabetes (Akita) animal model in male mice (33). In our study, we did not notice significant changes in glycemic control between diabetic mice treated with MyoAb and the control antibody in the groups not receiving insulin, although some diabetic mice receiving the control antibody group were found deceased, likely due to uncontrolled hyperglycemia. However, the glycemic control between insulin treated groups was not identical, as the group receiving myostatin antibody (D-Ins-MyoAb) had higher glycated hemoglobin than the group receiving control antibody (D-Ins-ConAb). This finding contrasts with in vivo studies that have shown lower glucose levels in obese mice injected with a neutralizing antibody to myostatin (41) or protection from insulin resistance in mice with loss of function mutation of myostatin (42). In contrast, other studies have shown that inhibiting myostatin by administration of a soluble activin receptor type IIB, which is myostatin’s primary receptor, does not improve glycemic control of insulin-deficient mice (43). Furthermore, in vitro studies have shown that myostatin can promote glucose consumption and uptake and increase glycolysis in skeletal muscle cells through upregulating genes involved in glucose metabolism (44), supporting the theory that myostatin promotes glucose metabolism. Additionally, we cannot rule out an interaction between exogenous insulin and MyoAb that could interfere with insulin signaling, potentially blocking the AMP-activated protein kinase pathway that has been shown to be regulated by myostatin in skeletal muscle cells (44). Adding to the complexity of myostatin and insulin interplay is IGF-1, a growth factor with similar molecular structure to insulin, which has been shown to be decreased in T1D (45). IGF-1 has been shown to suppress myostatin signaling during myogenesis (46) and could offer an additional target for intervention in muscle-bone cross talk in T1D. Future mechanistic studies are needed to clarify the metabolic function of myostatin and its interaction with insulin and related growth factors, such as IGF-1.

Several studies have evaluated various treatments for diabetes-induced muscle atrophy, with some specifically targeting the myostatin pathway in skeletal muscle and the Wnt pathway in bone. Among those, low-intensity pulsed ultrasound for diabetes associated muscle atrophy in rats was beneficial as it downregulated myostatin and AcvRIIB expression in skeletal muscle (47). C-peptide has also been shown to protect against skeletal muscle atrophy in insulin-deficient, diabetic rats with effects on Atrogin 1 and Traf6 expression (48), as has alpha- lipoic acid (49). Additionally, physical exercise has been shown to be beneficial for skeletal muscle health in insulin-deficient diabetic animals (50) as well as in humans (51, 52). Similar benefits have been seen with exercise in the bone phenotype of insulin-deficient rodents (35) and humans with type 1 diabetes (53, 54). Several anabolic treatments have been studied for their potential role against diabetic bone disease. These have included IGF-1, which resulted in improvements in weight gain and growth in diabetic rats, when used alone or in combination with insulin (55), sclerostin inhibition which lead to improvements in bone healing in a fracture model of insulin-deficient diabetes in mice by altering the Wnt pathway (56) and teriparatide and abaloparatide which increased bone mass and improved bone strength and bone turnover in mice with STZ-induced diabetes (57). Most of these interventions have reported on either skeletal muscle or bone in the context of type 1 diabetes, therefore our approach is unique as it was designed to evaluate skeletal muscle and bone simultaneously. More importantly, most of the existing literature regarding interventions to improve skeletal muscle and bone in type 1 diabetes is based on insulin-deficient male mice, whereas our study includes female mice.

Our study has several limitations. Although we started this study with 8–10 mice/group, several mice from the untreated group with diabetes on the control antibody (D-Pal-ConAb) did not complete the study, which resulted in missing or partial data. Specifically, among the ND-Pal-ConAb mice, the attrition rate was 1/10, while the attrition rate for the ND-Pal-MyoAb control group was 1/9. The highest attrition rate occurred in the D-Pal-ConAb group, with an attrition rate of 3/9. The cause of death for these mice remains unclear, and as a result, data from these mice were excluded from the analysis. However, we compared the baseline characteristics of the mice that were included in the study with those that were excluded to assess the impact of attrition. Our review revealed that the baseline characteristics of the mice that dropped out were similar to those that remained in the study until its conclusion. Therefore, we believe that the dropouts were not attributed to systematic bias, but rather to factors such as uncontrolled diabetes. These mice were either euthanized due to having distended abdomen or were found deceased during the study. We speculate that this was likely due to poorly controlled diabetes as they were not receiving insulin therapy. Furthermore, two mice from the D-Pal-ConAb group were found dead during the final week of the study resulting in partial data collection and one mouse from the D-Pal-ConAb group was excluded from analysis due to exhibiting very mild hyperglycemia (incomplete diabetes). Interestingly, the attrition of mice that were not treated with insulin but received the myostatin blocking antibody (D-Pal-MyoAb) was not affected.

Another limitation to our study is that the glycemic control between insulin treated groups was not identical, as the group receiving myostatin antibody had higher glycated hemoglobin than the group receiving the control antibody. This difference in glycemic control between the myostatin and control antibody-treated mice was not observed in the other groups (non-diabetic and diabetic without insulin) and also not observed in our previous study when male mice were treated with this antibody (13), therefore we cannot exclude that there could have been suboptimal glycemic control with insulin pellets in some of the mice with higher HbA1c. Lastly, we performed muscle function testing on a cohort of non-diabetic female mice that were not treated with the MyoAb or ConAb to use as a reference of normal muscle function.





Conclusions

Inhibition of myostatin with an antibody combined with insulin therapy, appears to have beneficial effects to the skeletal muscle and trabecular bone of female, insulin-deficient diabetic mice. Combined therapy also improved cortical thickness while reducing cortical porosity, and therefore, increased structural-dependent bending strength of the femur mid-diaphysis. It did not, however, affect tissue mineral density and the estimated material strength of cortical bone. Future studies should evaluate the mechanism by which myostatin interacts with insulin, with specific focus on how this interaction is affected by sex-specific factors.
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Objective

Skeletal muscle and adipose tissues secrete myokines and adipokines to regulate energy metabolism. Experimental evidence indicates that prosaposin (PSAP) and ependymin-related protein 1 (EPDR1) are involved in the regulation of thermogenesis and energy metabolism. To our knowledge, little literature has been found dealing with PSAP and EPDR1 levels in type 2 diabetes mellitus (T2DM) patients. The aim of the study was to evaluate possible relationships between both peptide levels and insulin resistance indexes in type 2 diabetic subjects.





Methods

The study groups consisted of 64 T2DM subjects and 22 normal controls. Serum PSAP and EPDR1 concentrations were determined using immunosorbent assay kits.





Results

The serum PSAP (319.6 ± 78.38 vs. 207.2 ± 42.43, P<0.0001) and EPDR1 (7.988 ± 3.484 vs. 6.399 ± 3.788, P=0.0823) concentrations were higher in T2DM subjects than normal controls. In addition, positive correlations were found between: PSAP and fasting blood glucose (FBG) levels (r = 0.5004; P< 0.0001), PSAP and Hemoglobin A1c (HAb1c) (r = 0.4688; P< 0.0001), PSAP and C-peptide (r = 0.3981; P = 0.0003), PSAP and triglyceride-glucose index (TyG) (r = 0.2362; P< 0.0001), PSAP and homeostasis model assessment of insulin resistance (HOMA-IR) (r = 0.3314; P = 0.0035), PSAP and homeostasis model assessment of C-peptide resistance (HOMA-CR) (r = 0.5486; P< 0.0001), EPDR1 and insulin (r = 0.2291; P = 0.045), EPDR1 and HOMA-IR (r = 0.2462; P = 0.0309) in both T2DM and normal control subjects.





Conclusions

Our results indicated that T2DM individuals have higher serum PSAP and EPDR1 levels, and both peptide concentrations were positively correlative to insulin (INS) resistance levels. PSAP and EPDR1 levels may be taken as potential biomarkers to forecast the development of T2DM.
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1 Introduction

One of the major health issues facing the globe today is the increasing rise of diabetes. The IDF Diabetes Atlas (10th edition) estimated that 10.5% (536.6 million) of adults in the world aged 20 to 79 would have diabetes in 2021 and 12.2% (783.2 million) in 2045 (1). It should be noted that T2DM, which is caused by the combination of various pathogenic factors, is primarily caused by insulin resistance (2). Therefore, understanding the precise molecular mechanism by which pathogenic variables cause insulin resistance will facilitate the development of innovative therapies to combat the condition.

More recently, the idea that released cytokines from adipose tissue and skeletal muscle play a significant role in the pathogenesis of insulin resistance and T2DM has received a great deal of favorable attention (3). In this regard, PSAP and EPDR1 have been recently described as myokines and adipokines that are involved in the regulation of fat browning and energy metabolism in animals (4, 5). The central and peripheral nervous systems both contain large amounts of PSAP, a precursor to the lysosomal proteins Saposins A–D, which have neurotrophic effects (6, 7). Additionally, a prior study revealed that both adipose tissues and muscle express and secrete PSAP (4). The adipogenic gene program of adipocytes and the genes involved in oxidative phosphorylation are both affected by the forced expression of PASP in primary inguinal fat cells (4), although its precise involvement in insulin resistance is yet unknown.

EPDR1 was recently identified as a secreted adipokine regulating mitochondrial respiration linked to thermogenesis in brown fat (5). Firstly, human islets from T2DM and obese donors had elevated EPDR1 mRNA expression, which was positively linked with the donors’ BMI (8). In contrast, it was discovered that in the subcutaneous adipose tissue of healthy obese participants, EPDR1 was downregulated after both short- and long-term weight loss (9). Additionally, long-term insulin treatment significantly increases endothelial EPDR1 expression (10), which in turn encourages cell migration and the development of capillary tubules. An increasing body of research also suggests that EPDR1 can control the body’s whole energy metabolism by regulating the metabolism of target cells’ mitochondria and improving β-cell function (4, 5, 8).

To our knowledge, however, very little research has been conducted on the specific topic of serum PSAP and EPDR1 concentrations in T2DM patients. Therefore, we conducted this cross-sectional study to assess the levels of the peptides PSAP and EPDR1 in the blood of individuals with T2DM, as well as investigate any potential associations between these peptide levels and markers of insulin resistance among the subjects.




2 Materials and methods

The present study was conducted at the Northern Jiangsu People’s Hospital Affiliated to Yangzhou University. The present study consisted of 64 T2DM volunteers and 22 healthy volunteers with a normal weight according to a physical examination and routine laboratory tests. In this study, each participant gave official written consent, had normal exercise and eating behavior, and had no fat preference or fat aversion. Individuals with active hepatitis or liver cirrhosis, hypertension, chronic renal failure on hemodialysis, congestive heart failure, or other known major diseases were precluded from the study. The assignment of patients with T2DM and normal controls must meet the diagnostic criteria of the World Health Organization (11). For T2DM: fasting venous serum value: ≥126 mg/dl or 75 g (2-h) oral glucose tolerance test (OGTT) venous serum value: ≥200 mg/dl. Patients without typical symptoms need to be retested on different days. For normal controls: fasting venous serum value: <100 mg/dl or 75 g (2-h) OGTT venous serum value: <140 mg/dl. The protocol of this study was approved by the Ethics Committee of Northern Jiangsu People’s Hospital Affiliated to Yangzhou University (No. 2023ky200).

For each case, body mass index (BMI) was calculated at the time of blood collection as weight in kilograms divided by height in meters squared. The HOMA-IR Index was calculated for each participant using the formula [fasting glucose (mmol/L) × fasting insulin (mIU/L)/22.5]. The HOMA-β (INS) index was calculated as [20 × fasting insulin (mIU/L)/(fasting glucose (mmol/L)-3.5) (%)]. The homeostasis model assessment of insulin sensitivity (HOMA-IS) index was calculated using the formula [1/HOMA-IR]. The HOMA-CR index was calculated as [1.5+fasting glucose (mmol/L) × fasting C peptide (ng/ml)/(2.8×0.333)]. The homeostasis model assessment of beta-cell function (HOMA-β) (C-peptide) index was calculated as [270×fasting C-peptide (ng/ml)/(fasting glucose (mmol/L)-3.5) (%)]. After an overnight fast, blood samples were collected from each participant at 8:00 a.m. and immediately centrifuged (4°C) as described previously (9). Briefly, within 30 minutes of collection, the blood samples (2 mL) were placed in prechilled EDTA tubes containing 100 μl of aprotinin (1 μg/mL) and centrifuged for 15 min. at 1000 g at 4°C. The separated serum was placed into vials and kept at -80°C until it was measured. A radioimmunoassay was used to measure the levels of serum insulin. Regular biochemical tests were run on the Olympus AU2700 automatic chemistry analyzer, including glucose, triglyceride (TG), total cholesterol (TC), high-density (HDL-C), and low-density lipoprotein cholesterol (LDL-C). The leftover serum was immediately kept at -80°C for the purpose of determining PSAP and EPDR1 following standard analysis.

An enzyme-linked immunosorbent test (Cloud-Clone, Inc., Wuhan, China) was used to examine the serum levels of human PSAP (SEC756Hu) and EPDR1 (SEQ610Hu). According to the manufacturer’s specification, the assay range for PSAP was 0.78–50 ng/mL, and the average sensitivity was 0.33 ng/mL, intra-assay precision CV%<10%, and inter-assay precision CV%<12%, as well as the assay range for EPDR1 was 0.156–10 ng/mL, and the average sensitivity was 0.054 ng/mL, intra-assay precision CV%<10%, and inter-assay precision CV%<12%. The mean of the two measurements, which were all taken in duplicate, was taken into account.




3 Statistical analysis

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




4 Results



4.1 Serum PSAP and EPDR1 levels were increased in T2DM individuals

The main indexes of age, duration of diabetes, body height, body weight, SBP, DBP, and insulin in the T2DM group and the normal control group are listed in Table 1. The results showed that fasting blood glucose (FBG), HbA1c, C-peptide, HOMA-IR, HOMA-CR, TyG, TG, and LDL-C levels were significantly higher in patients with T2DM than normal controls (Figure 1). Besides, HOMA-β (INS), HOMA-β (C-peptide), HOMA-IS, and HDL-C were decreased in patients with T2DM compared with the normal controls (Figure 1). There were no significant differences in insulin or TC levels in patients with T2DM compared with the normal controls (Figure 1, Table 1). Interestingly, the serum PSAP (319.6 ± 78.38 vs. 207.2 ± 42.43, P<0.0001) and EPDR1 (7.988 ± 3.484 vs. 6.399 ± 3.788, P=0.0823) concentrations were significantly higher in T2DM subjects compared to normal control controls (see Figure 2). The diabetic history and medication use of the NC group and T2DM group are listed in Table 2.

Table 1 | Biochemical and demographic characteristics of two groups.


[image: Comparison table showing characteristics between NC and T2DM groups, with p-values for significance. NC group: 22 individuals, mean age 47.95 years, fasting insulin 17.89. T2DM group: 64 individuals, mean age 49.48 years, fasting insulin 17.43. Significant differences in duration of diabetes, systolic and diastolic blood pressure (p < 0.001). Other characteristics showed no significant difference.]
[image: Bar graphs compare various health metrics between a control group (NC) and Type 2 Diabetes Mellitus group (T2DM). Metrics include BMI, FBG, HbA1c, C peptide, HOMA-IR, HOMA-β, HOMA-IS, HOMA-CR, TyG, TG, TC, LDL-C, and HDL-C. Significant differences are noted with asterisks, while "ns" indicates no significant difference.]
Figure 1 | The main biochemical characteristics of two groups. The BMI (A), fasting blood glucose (B), HbA1c (C), C-peptide (D), HOMA-IR (E), HOMA-CR (H), TyG (J), TG (K), and LDL-C (M) levels were significantly increased in patients with T2DM. The HOMA-b (INS) (F), HOMA-IS (G), HOMA-b (C-peptide) (I), and HDL-C (N) were decreased in patients with T2DM. No significant differences in TC (L) levels in patients with T2DM. Data are expressed as mean ± SD, ****P < 0.0001; ***P < 0.001; ns, no significance.

[image: Bar charts comparing protein levels between normal controls (NC) and type 2 diabetes mellitus (T2DM). Chart A shows PSAP levels, with T2DM significantly higher (****). Chart B shows EPDR1 levels, with T2DM slightly higher (p = 0.0675).]
Figure 2 | The levels of serum PSAP and EPDR1 in T2DM subjects. The serum PSAP (A) and EPDR1 (B) concentrations were increased in T2DM subjects. Data are expressed as mean ± SD, ****P<0.0001 vs. normal controls.

Table 2 | Diabetic history and medication use of the NC group and T2DM group.


[image: Table showing characteristics of two groups: NC (n=22) and T2DM (n=64). Smoking history: NC - never 2 (9.09%), former 1 (4.55%), current 1 (4.55%); T2DM - never 5 (7.81%), former 3 (4.69%), current 1 (1.56%). Hypertension: NC 2 (9.09%), T2DM 31 (48.44%). Hyperlipidemia: NC 1 (4.55%), T2DM 44 (68.75%). Non-alcoholic fatty liver disease: NC 1 (4.55%), T2DM 22 (34.38%). Diabetic complications in T2DM: microvascular 18 (28.13%), macrovascular 28 (43.75%), peripheral neuropathy 10 (15.63%). Medication use at baseline in T2DM: insulin and analogues 22 (34.38%), insulin sensitizers 31 (48.44%), secretagogues 15 (23.44%), incretin modulators 13 (20.31%), SGLT-2i 9 (14.06%), alpha-glycosidase inhibitors 6 (9.38%).]



4.2 Serum PSAP and EPDR1 were positively correlative to insulin resistance in T2DM individuals

To investigate whether serum PSAP and EPDR1 levels were associated with insulin resistance, we performed analysis of the correlation between PSAP and EPDR1 and indicators of FBG levels (r = 0.5004; P< 0.0001), PSAP and HAb1c (r = 0.4688; P< 0.0001), PSAP and C-peptide (r = 0.3981; P = 0.0003), PSAP and TyG (r = 0.2362; P< 0.0001), PSAP and HOMA-IR (r = 0.3314; P = 0.0035), PSAP and HOMA-CR (r = 0.5486; P< 0.0001), EPDR1 and insulin (r = 0.2291; P = 0.045), EPDR1 and HOMA-IR (r = 0.2462; P = 0.0309) in both T2DM and normal control groups. In contrast, negative correlations were found between PSAP and HOMA-IS (r = -0.2961; P = 0.0094), PSAP and HOMA-β (INS) (r = -0.3906; P = 0.0004), and EPDR1 and HOMA-IS (r = -0.2937; P = 0.0095). However, no significant correlations were found between PSAP levels and BMI (r = 0.2189; P = 0.0626) (Figure 3).

[image: Scatter plots show various correlations. Panels A to I display the relationship between PSAP (ng/ml) and different metabolic indicators: BMI, FBG, HbA1c, C peptide, TyG, HOMA-IR, HOMA-CR, HOMA-IS, and HOMA-β, with Rho and p-values indicated. Panels J to L illustrate correlations between EPDR1 (ng/ml) and INS, HOMA-IR, and HOMA-IS, also with Rho and p-values. Trend lines are included, with data points dispersed around them.]
Figure 3 | Correlations between serum PSAP and EPDR1 and insulin resistance indexes. No significant correlations were found between PSAP levels and BMI (A). The positive correlations were found between PSAP and Fasting blood glucose (B), PSAP and HAb1c (C), PSAP and C-peptide (D), PSAP and TyG (E), PSAP and HOMA-IR (F), PSAP and HOMA-CR (G), EPDR1 and insulin (J), EPDR1 and HOMA-IR (K) in both T2DM and normal control groups. The negative correlations were found between PSAP and HOMA-IS (H), PSAP and HOMA-β (INS) (I), and EPDR1 and HOMA-IS (L).





5 Discussion

Obesity is considered to be a promoting factor of T2DM, which is usually accompanied by T2DM and glucose and lipid metabolism disorders, based on the same pathophysiological basis. It is well known that adipocytes secrete a large number of factors involved in the process of regulating energy metabolism in the body. Growing data suggests that PSAP and EPDR1 are involved in animal energy metabolism and glucose homeostasis (4, 5, 8). It should be noted that PSAP expression and secretion are associated with the remodeling of thermogenic fat brought on by cold and are necessary for the expression of thermogenic genes and oxidative phosphorylation (4). Additionally, PSAP has been connected to lysosome and mitochondrial organellar interactions (12). Furthermore, forced PSAP expression was sufficient to increase oxygen consumption rates in primary inguinal fat cells (4), while PSAP knockdown using siRNA in murine bone marrow-derived macrophages lowered oxygen consumption rates (13). To date, the expression and secretion of PSAP in T2DM have not yet been studied. This study found that patients with T2DM had significantly higher serum PSAP levels. It’s interesting to note that PSAP and insulin resistance indices like FBG, HAb1c, C-peptide, TyG, HOMA-IR, and HOMA-CR showed positive relationships. Increased insulin resistance in T2DM patients may be a possible signal promoting PSAP production and release. Consequently, the higher PSAP level may be used as a novel biomarker to anticipate the rise in insulin resistance linked to T2DM.

EPDR1, another adipokine, is important in the emergence of obesity and metabolic disorders (4, 5, 8). However, to our knowledge, little literature has been reported on EPDR1 levels in T2DM. Our study revealed that circulating EPDR1 levels were higher in T2DM patients compared to healthy controls, which is consistent with the upregulation of EPDR1 in brown fat and pancreatic islets in obese individuals (5, 8). Hyperglycemia or hyperinsulinemia associated with T2DM may be a possible reason for the observed elevated EPDR1 levels. First, it has recently been discovered that EPDR1 is a target gene for non-canonical insulin signaling in endothelial cells (10). Second, there was a clear negative link with Hb1Ac and a clear linear positive correlation between EPDR1 mRNA levels and insulin release in human islets from obese patients (8). Third, EPDR1 silencing in human islets and β-cell lines decreased glucose-stimulated insulin secretion (8), whereas treatment with human EPDR1 protein increased glucose-stimulated insulin secretion (8), indicating that upregulating EPDR1 in obese individuals may improve β-cell function to maintain glucose homeostasis. Additionally, we discovered a significant positive association between serum EPDR1 and insulin levels, which is consistent with this explanation.

Notably, T2DM-related insulin resistance may be another explanation for the observed elevated EPDR1 levels. Previous research has shown that the elevation of EPDR1 in human islets from obese individuals is a result of an adaptive strategy to deal with an increased metabolic demand brought on by insulin resistance by improving glucose responsiveness (8). We also discovered a high positive association between serum EPDR1 and HOMA-IR, which supports this hypothesis. Contrary to what we expected, the PSAP, EPDR1, and BMI levels of the T2DM participants in this investigation did not significantly correlate with one another. Future research should focus on the differences in the impact of peptides on BMI in humans and animals and whether diabetes drugs improve IR through these two peptides. The fact that the simple size evaluated was not sufficient is another weakness in this study. In order to confirm the reliability of these findings, it is necessary to continue to collect simple observations in the future.




6 Conclusion

Taken together, blood levels of EPDR1 and PSAP were considerably greater in T2DM patients compared to healthy controls and were correlated with enhanced insulin resistance levels. Therefore, increased serum PSAP and EPDR1 levels in T2DM participants suggest increased blood insulin resistance levels. Similar to this, increased PSAP and EPDR1 levels in the serum may be predicted by higher degrees of insulin resistance. The levels of PSAP and EPDR1 may be used as possible biomarkers to predict the emergence of insulin resistance and T2DM.
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Introduction

Metformin (MT) is widely used in treating type 2 diabetes, and muscle is one of the targets for MT action. Recent studies have shown that gut microbiota plays a key role in mediating the clinical effects of MT, as well as affects muscle function, through the gut-muscle axis. However, it is not clear whether the use of MT in non-diabetic population affects muscle metabolism via gut-muscle axis and whether there are sex differences.





Methods

We investigated the effects of ten days MT administration (200 mg/kg/d) on metabolic phenotype, skeletal muscle morphology and function-related gene expression, gut microbiota composition, gut integrity and inflammation, and plasma short chain fatty acids (SCFAs) levels in adult male and female Sprague-Dawley rats.





Results

We found MT treatment decreased body weight, blood glucose and muscle gene expression involved in myogenesis and mitochondrial biogenesis and dynamics more significant in females, while increased the colonic mRNA expression of more inflammatory markers in males. MT treatment also induced sex-specific alterations in the gut microbiota composition, plasma SCFAs contents and muscle SCFA receptors’ mRNA expression in non-diabetic rats.





Conclusions

Our research provides evidence that the use of MT in daily health maintenance may have sex-specific effects on gut-muscle axis and should be approached with caution.





Keywords: metformin, muscle, gut microbiota, short chain fatty acid, sex differences





Introduction

Metformin (MT) is widely used as the first-line pharmacological treatment for type 2 diabetes mellitus. Beyond its approved indications, it has been reported to exert diverse pharmacological effects, including weight reduction and decreased food intake (1), protective actions against age-related diseases (2), enhancement of autophagy and mitochondrial function (3), antitumor activity (4), improvement of polycystic ovary syndrome (5), and potential benefits for cognitive function (6), among others. These pleiotropic properties have led some to propose that MT may represent a broad-spectrum therapeutic agent. Nevertheless, whether it is appropriate for routine use in daily health maintenance remains controversial.

Evidence supports the effectiveness of MT treatment for improving liver function and body composition in non-diabetic non-alcoholic fatty liver disease patients (7). A systematic review and meta-analysis suggest that MT use is associated with a decreased risk of overall cancer as well as several cancer subtypes, but with high heterogeneity and risk of population bias (8). Besides, ongoing human MT trials provided the first direct evidence that MT modulates metabolic and non-metabolic gene expression related to aging (9) and the protective effects of MT against several age-related diseases in humans will be tested in the Targeting Aging with Metformin trail (10). However, in non-diabetic patients with high cardiovascular risk, MT had little or no effect on several surrogate markers of cardiovascular disease (11). Further, not all individuals prescribed MT derive beneficial effects and some develop side effects. Thus, a more detailed understanding of the off-label uses of this drug is needed.

Muscle is one of the target organs for MT action, accounting for approximately 40% of total body weight, 30% of resting energy consumption and 80% of insulin stimulated glucose uptake (12). Muscle regulates multiple physiological functions, and losses of muscle mass and function can have negative impact on blood glucose control and create a vicious cycle with metabolic disorder. MT improves insulin sensitivity, enhances protein degradation and decreases blood glucose levels by activating AMP-activated protein kinase (AMPK) signaling pathway (13). Long-term MT treatment often accompanies weight loss, which is associated with a decrease in fat content (14). However, some studies report that MT administration might reduce lean mass content by inducing muscle atrophy in type 2 diabetes mellitus (T2D) patients (15, 16).

More and more new studies have confirmed that the clinical effects of MT are partly mediated by gut microbiota (17, 18). MT could alter the gut microbiota composition, thus affect the integrity of the intestinal barrier, regulate short-chain fatty acids (SCFAs) production and bile acid metabolism, and finally maintain homeostasis (18). Recent human studies suggest that MT could increase the abundance of Akkermansia muciniphila and several SCFA-producing microbiota, which produce butyrate, propionate, or substance involved in glucose homeostasis (19). The interaction between gut microbiota and host organs regulates the occurrence and development of various chronic diseases, such as obesity, diabetes, and autism, through mechanisms as gut-brain axis, gut-liver axis, etc (20, 21). In recent years, the cross-talk between gut microbiota and skeletal muscle (SM) has become a research hotspot, and the gut-muscle axis has been innovatively proposed, which means that the muscle function and metabolism largely depend on the quantity and composition of gut microbiota (22). Therefore, we aim to study whether the use of MT in the non-diabetic animal model affects SM metabolism and function, and whether MT treatment reshapes gut microbiota and its possible association with the changes in muscle.

In general, except for its well-known benefits, MT-associated adverse drug reactions (ADRs) are common, and women reported an ADR more often than men (23). Thus, apart from observing whether MT administration has beneficial effects on the metabolic phenotype, muscle function, gut integrity and inflammation, gut microbiota composition and plasma SCFAs levels in a rat model, we also intend to see whether there are sex differences when using MT for daily health maintenance in non-diabetic rats.





Methods




Animals

Adult male and female Sprague-Dawley rats were purchased from the Experimental Animal Center of Xi’an Jiaotong University. All rats were habituated individually for one week in a temperature- (22-24°C) and light- (light onset at 0800) controlled room, and had free access to standard lab chow (Beijing Ke Ao Xie Li, Beijing, China) and tap water. All animal experiments have been approved by the ethics committee of Xi’an Jiaotong University (No. 2022-1185) and strictly comply with the national regulations on the administration of experimental animals.

After habituation, 15 male and 16 female rats were randomized to receive metformin (MT, Sigma-Aldrich, St Louis, MO, USA) administration (200 mg/kg/d) in drinking water or normal drinking water (control group, CT) for ten days. All rats remained on their chow diet throughout the experiment. The body weight was measured every other day and the food intake was weighed daily.





Sample collection

After 10 days MT treatment, the animals were fasted overnight and decapitated at 0900 (Male, CT, n = 7; MT, n = 8; female, CT, n = 8; MT, n = 8). Blood glucose was determined by a handheld glucose meter (ONETOUCH Ultra Vue, LifeScan, CA, USA). The subcutaneous (SC) fat and retroperitoneal (RP) fat were bilaterally dissected and weighed. The gastrocnemius tissue, colon tissue and colon content were quickly collected and snap-frozen in liquid nitrogen, and then stored at -80°C until analysis.





Quantitative real-time PCR analysis

The qPCR was used to determine relative mRNA expression of genes related to the myogenesis (MyoD, MyoG, Myf5, Mrf4, Pax7 and Ctnnb1), mitochondrial biogenesis (Ppargc1a, Tfam, Nrf1) and dynamics (Fis1, Opa1, Drp1, Mfn1 and Mfn2), and SCFA receptors (Gpr41, Gpr109a) in the gastrocnemius tissue, and genes related to gut integrity (Tjp1, Ocln, Cldn4, and Muc2) and inflammatory status (Tnfa, Il1b, Il6, Il10, Cd3, Cd68, Hmgb1, Tlr2, Tlr4, Rage) in the colon tissue. Total RNA was isolated from muscle or colon homogenates using RNA isolation kit (R0027, Beyotime, Beijing, China). RNA was reverse transcribed to cDNA using Reverse transcription kit purchased from Thermo Scientific (K1622, MA, USA). Gene expression was determined by qPCR using SYBR green dye with specific primer sets in an iQ5 PCR thermal cycler (Bio-Rad, CA, USA). To determine the relative expression values, the −ΔΔCt method was used and normalized to the reference gene Actb. The primers of the genes studied can be found in our previous studies (24, 25).





Histology of gastrocnemius

The gastrocnemius tissue was fixed in 4% paraformaldehyde for 24h, dehydrated and embedded in paraffin, then cut into 3 μm thick sections. The sections were stained with H&E and visualized under a light microscope (Olympus, Tokyo, Japan). The percentage of interstitium was evaluated in three different microscopic fields at 20× magnification of each muscle section and quantified using ImageJ software (NIH, MD, USA).





Fecal microbiota composition

The fecal specimens were sent to GENEWIZ, Inc. (Suzhou, China) for 16S ribosomal DNA gene sequencing. The detailed process was described previously (24). Using VSEARCH clustering (1.9.6) program, sequences were clustered into operational taxonomic units (OTUs). Then use RDP classifier (Ribosomal Database Program) Bayesian algorithm of OTU species taxonomy analysis representative sequences, and under different species classification level statistics community composition of each sample. Values for alpha diversity (Chao1 Index, Shannon’ s Index), beta diversity (unweighted UniFrac distance metrics) and principal coordinate analysis (PCoA) plots were generated by QIIME V.1.9.1 based on the OTU analysis results.





Detection of SCFAs

Plasma SCFAs contents were detected by MetWare (http://www.metware.cn/, Wuhan, China) based on the Agilent 8890-7000D GC-MS/MS platform.





Statistical analysis

Statistical analysis between groups was analyzed using Student’s t-test or repeated measures analysis of variance with Prism 8 (GraphPad Software, CA, USA). All data are presented as the mean ± SEM, and statistical significance was set at P < 0.05.






Results




Effects of metformin treatment on metabolic phenotype of male and female rats

In adult male rats, MT treatment started to decrease body weight on treatment day 8 and 10 (Figure 1A). However, in female rats, body weight was significantly reduced since treatment day 2 (Figure 1B). The food intake was decreased during the first week of MT treatment (except for day 1) in males (Figure 1C). In females, MT administration reduced food intake only during the first 3 days of treatment (Figure 1D). MT treatment reduced blood glucose in females but not in males (Figures 1E, F). Though both male and female rats had decreased body weight at the end of MT treatment, the SC and RP fat weight was not altered by MT treatment (Figures 1G, H).

[image: Graphs show differences in body weight, food intake, blood glucose, and body fat weight between control (CT) and treatment (MT) groups in males and females over time. Body weight graphs (A, B) show males and females with distinct trends. Food intake (C, D) and blood glucose (E, F) illustrate differences between groups. Body fat (G, H) displayed as a percentage of body weight. Emphasis on statistical significance indicated by asterisks.]
Figure 1 | Effects of metformin treatment on metabolic phenotype of male and female rats. (A, B) Body weight of male and female rats during metformin (MT) treatment; (C, D) Food intake of male and female rats during MT treatment; (E, F) Blood glucose level at the end of MT treatment in male and female rats; (G, H) Male and female rats’ SC and RP fat weight (% body weight) at the end of MT treatment. Data are presented as the mean ± SEM. Male: CT, n = 7; MT, n = 8; Female: CT, n = 8; MT, n = 8. *P< 0.05, MT vs. CT.





Effects of metformin treatment on mRNA expression of myogenesis, mitochondrial biogenesis and dynamics-related genes in skeletal muscle of male and female rats

We analyzed expression of genes in myogenic regulatory factors (MRFs) family including myogenic determining factor (MyoD), Myogenin (MyoG), myogenic factor 5 (Myf5) and MRF4, and genes regulate MRFs expression including the paired box transcription factor Pax7 and Ctnnb1 (encodes β-catenin). The expression of Pax7 and ctnnb1 controls muscle tissue differentiation and growth. In adult male rats, the mRNA expression of these myogenesis related genes was not altered by MT treatment (Figure 2A). However, MyoG, Myf5, Pax7 and Ctnnb1 gene expression was significantly decreased, while MRF4 gene expression was significantly increased by MT treatment in adult female rats (Figure 2B).

[image: Bar graphs comparing fold change of various genes in male and female subjects under control treatment (CT) and mitochondrial treatment (MT). A and C show male results, B and D show female results. A and B focus on MyoD, MyoG, Myf5, MRF4, Pax7, and Ctnnb1 genes. C and D focus on Ppargc1a, Tfam, Nrf1, Fis1, Opa1, Drp1, Mfn1, and Mfn2 genes. Significant differences are marked with asterisks.]
Figure 2 | Effects of metformin treatment on gene expression involved in myogenesis, mitochondrial biogenesis and dynamics in skeletal muscle of male and female rats. (A, B) mRNA expression of myogenesis-related genes in skeletal muscle of male and female rats; (C, D) mRNA expression of mitochondrial biogenesis- and dynamics-related genes in skeletal muscle of male and female rats. Data are presented as the mean ± SEM. Male: CT, n = 6; MT, n = 6; Female: CT, n = 6; MT, n = 6. *P< 0.05, MT vs. CT.

To investigate the effect of MT treatment on mitochondrial biogenesis and dynamics (fusion and fission) in SM, we determined mRNA expression of genes involved in these processes. In males, MT treatment did not affect mRNA expression of genes regulating mitochondrial biogenesis or dynamics (Figure 2C). To the contrary, MT treatment significantly reduced the mRNA expression of genes involved in mitochondrial biogenesis (Tfam, Nrf1) and dynamics (Fis1, Opa1, Drp1, Mfn1 and Mfn2) in adult female SM (Figure 2D).





Effects of metformin treatment on morphology of skeletal muscle in male and female rats

H&E staining was performed to show the morphology of skeletal muscle. We observed the percentage of interstitium in control and MT treated rats. In females, MT treatment significantly increased the percentage of interstitium compared with the CT group (Figures 3A, C). However, no significant differences were found between the CT and MT groups in males (Figures 3A, B).

[image: Panel A shows histological sections of muscle tissue under CT and MT conditions for both male and female subjects. Panels B and C display bar graphs of interstitium percentage, with CT and MT comparisons. Males show similar values, while females display a significant increase in the MT group.]
Figure 3 | Effects of metformin treatment on morphology of skeletal muscle in male and female rats. (A) Representative skeletal muscle sections of H&E staining, Scale bar = 100 μm; (B, C) Percentage of interstitium in skeletal muscle of male and female rats. Data are presented as the mean ± SEM. Male: CT, n = 4; MT, n = 4; Female: CT, n = 3; MT, n = 5. *P< 0.05, MT vs. CT.





Effects of metformin treatment on gut microbiota composition in male and female rats

Using 16S rDNA sequencing, we investigated the gut microbiota composition of male and female rats after treated with MT. Changes of alpha diversity parameters after MT treatment are presented as Chao1 index (community richness) and Shannon index (community diversity). We did not find any difference in alpha diversity between control and MT treatment group in either male or female rats (Figures 4A, B).

Beta diversity, which reflects species similarity, is presented in 3D PCoA charts in this study. As expected, a clear separation was observed in male and female rats in the control group (ANOSIM, P = 0.014, R = 0.292) (Figure 4C). In males, the dots representing the MT group were not significantly separated from the control group (ANOSIM, P = 0.367, R = 0.007) (Figure 4D). In females, significant separation between CT group and MT group was observed (ANOSIM, P = 0.047, R = 0.185) (Figure 4E).

[image: Box plots and charts display microbiome analysis results. Panels A and B show Chao1 and Shannon index comparisons between male and female groups for CT and MT. Panels C, D, and E exhibit principal coordinate analyses, illustrating variations among male and female groups with CT and MT color-coded differently. Panels F and G present relative abundance bar graphs for various bacterial taxa in males and females, comparing CT and MT groups. Percentages are on the y-axis, and the x-axis lists different bacterial taxa.]
Figure 4 | Effects of metformin treatment on gut microbiota composition in male and female rats. (A, B) Chao1 index and Shannon index for male and female rats; (C) PCoA 3D plot of weighted UniFrac distances in 16S rRNA sequencing of colonic contents in control (CT) male and female rats; (D, E) PCoA 3D plot of 16S rRNA sequencing of colonic contents in CT and metformin (MT) treated male and female rats; (F, G) Relative abundance of gut microbiota at genus levels in colonic contents of male and female rats. Each dot represents data from one rat; Male: CT, n = 7; MT, n = 7; Female: CT, n = 6; MT, n = 6. *P< 0.05, MT vs. CT.

Then, the relative abundance of fecal microbiota at genus level was analyzed in both male and female rats. We found that the relative abundance of Lactobacillus was significantly decreased in the MT group of male rats (Figure 4F). In females, the relative abundance of Prevotella was significantly upregulated by MT treatment (Figure 4G).





Effects of metformin treatment on gut integrity and inflammatory conditions in male and female rats

Reshaped gut microbiota composition is known to be associated with gut barrier dysfunction and gut inflammation. We investigated if MT treatment affected gut integrity by determining the mRNA expression of the tight junction protein 1 (Tjp1), occludin (Ocln), claudin 4 (Cldn4) and mucin 2 (Muc2). In males, MT treatment had no effect on the gene expression of tight junction markers in the colon tissue (Figure 5A). However, in females, MT treatment significantly reduced gene expression of Muc2 in colon (Figure 5B).

[image: Bar graphs show fold changes in gene expression for males and females under control (CT) and treatment (MT) conditions. Panels A and B display expression levels of Tjp1, Ocln, Cldn4, and Muc2, with significant decreases in Muc2 for females. Panels C and D illustrate inflammatory markers, with significant increases noted for males' TNFα, IL-1β, IL-10, CD3, TLR2, TLR4, Hmgb1, and RAGE; and for females' TNFα, CD3, and Hmgb1 under MT conditions compared to CT.]
Figure 5 | Effects of metformin treatment on gut integrity and inflammatory conditions in male and female rats. (A, B) Colonic mRNA expression of tight junction proteins in male and female rats; (C, D) Colonic mRNA expression of inflammatory markers in male and female rats. Data are presented as the mean ± SEM. Male: CT, n = 6; MT, n = 6; Female: CT, n = 6; MT, n = 6. *P< 0.05, MT vs. CT.

To investigate the gut inflammatory status, colonic gene expression of inflammation markers (TNFα, IL-1β, IL-6, IL-10, CD3, CD68, TLR2, TLR4, Hmgb1 and RAGE) was measured. MT treatment significantly increased the mRNA expression of TNFα, IL-1β, IL-6, IL-10, CD3, CD68, TLR2, Hmgb1 and RAGE in male rats (Figure 5C), while increased the mRNA expression of TNFα, IL-10 and Hmgb1 in the females (Figure 5D).





Effects of metformin treatment on plasma SCFAs levels and mRNA expression of SCFA receptors in skeletal muscle of male and female rats

SCFAs are produced mainly through interaction between diet and the gut microbiota. We found the plasma levels of butyric acid (BA) and isobutyric acid (IBA) were significantly reduced in male MT treated rats (Figure 6A). However, the plasma level of caproic acid (CA) was significantly increased in female MT treated rats (Figure 6B).

[image: Bar charts compare short-chain fatty acid (SCFA) levels and fold changes in receptor expression among males and females. Panels A and B show SCFA levels for various acids, with significant differences marked by asterisks. Panels C and D illustrate fold changes in GPR41 and GPR109a receptor expression, indicating significant variations. CT and MT are represented by different colors.]
Figure 6 | Effects of metformin treatment on plasma SCFAs levels and mRNA expression of SCFA receptors in skeletal muscle of male and female rats. (A, B) Plasma SCFAs levels in male and female rats; (C, D) Gene expression of SCFA receptors in skeletal muscle of male and female rats. Data are presented as the mean ± SEM. Male: CT, n = 6; MT, n = 6; Female: CT, n = 6; MT, n = 6. *P< 0.05, MT vs. CT. BA, butyric acid; 4-MVA, isocaproic acid; 2-BA, 2-methylbutyric acid; VA, valeric acid; IVA, isovaleric acid; CA, caproic acid; AA, acetic acid; IBA, isobutyric acid; PA, propionic acid.

Then, we analyzed the mRNA expression of SCFA receptors in SM. In male rats, mRNA expression of GPR109a was significantly decreased after MT treatment (Figure 6C). In female rats, mRNA expression of GPR41 was significantly increased after MT treatment (Figure 6D).






Discussion

Large cohort studies have shown the weight loss benefits of MT, especially in the Diabetes Prevention Program (DPP) (26). The DPP showed that high-risk participants have reduced incidence of diabetes by 31% in a 3-year period when treated with MT, and the weight loss associated with MT was safe and sustained (27). Initial studies suggest that the weight change associated with MT is due to its impact on hypothalamic appetite regulatory centers (28). However, a randomized controlled trail of 4.3 year suggests that the prevention of weight gain by MT cannot be explained by reduced energy intake (29). Consistent in our study, the MT-associated weight loss was not relevant to food intake, and the body fat content was not significantly altered by MT treatment, so we speculate that the reduced body weight may relate to loss of lean mass, especially in MT-treated female rats. Kang et al. also found that MT induces muscle atrophy, and the muscle-wasting effect of MT is more evident in wild-type mice than in db/db mice (16).

Currently, the impact of MT on muscle is controversial. The blood glucose level is inversely associated with muscle mass in a healthy population (30). In this study, female MT-treated rats had lower blood glucose levels, however, the gene expression of myogenesis markers (MyoG, Myf5, Pax7 and Ctnnb1) was significantly reduced. MRF4 represses the activity of myocyte enhancer factor 2, negatively regulates adult skeletal muscle growth (31), whose expression was significantly increased in our study. The Pax7 gene is an identity marker for muscle satellite cells, and decreased Pax7 expression indicates exhaustion of the stem cell pool, leading to loss of self-renewal and regenerative capacity (32). The Ctnnb1 gene encodes the β-catenin protein, which is a core effector of the Wnt signaling pathway. The decreased Ctnnb1 expression suggests inhibition of the Wnt/β-catenin signaling pathway, which implies reduced pro-proliferative signaling and attenuated driving forces for fibrosis (33). Besides, MT treatment also led to muscle remodeling by increasing extramyocyte space in female rats, which may cause skeletal muscle dysfunction (34). Combined the results of increased proportion of the interstitium in female muscle fibers, MT administration may cause the muscle enters a “silent atrophy” state with regenerative exhaustion and no fibrosis driver. Predominantly, MT improves insulin resistance and decrease hepatic glucose production through activation of AMPK signaling pathway (35). The activation of AMPK signaling inhibits anabolic processes such as protein syntheses, promotes protein degradation and autophagy (36). Kang et al. suggests that MT induces muscle atrophy through AMPK-HDAC6-FoxO3a-Myostatin axis (16) by inhibiting the expression of MyoD and MyoG (37), which supports our results. However, several human studies found that MT treatment did not change fat-free mass significantly (38, 39) or even increased the lean mass and water content (40). One of the primary targets of MT in muscle is mitochondria (41). In the current study, we found MT treatment significantly reduced the expression of transcriptional factors involved in mitochondrial biogenesis (Nrf1 and Tfam) and mitochondrial membrane fusion (Mnf1, Mnf2, and Opa1) and fission (Fis1 and Drp1) in female rats, suggesting impaired biogenesis and quality of the mitochondria, and reduced energy metabolism efficiency. Several in vitro studies have shown that MT inhibits Complex I of the mitochondrial respiratory chain (42, 43), and one in vivo study reports that two weeks of MT treatment impairs muscle oxidative capacity in a dose-dependent manner (41).

Within the past few years, the close association between gut microbiota and SM has been revealed and accumulating evidences demonstrate that alteration in gut microbiota coincides with alteration in SM metabolism (44, 45). Preclinical studies have demonstrated that MT alters the gut microbiota composition and function (46, 47). In this study, we attempt to explain the impact of MT on muscle from the perspective of the 'gut-muscle axis'. Interestingly, MT treatment altered the gut microbiota composition significantly in females, but not in males, which coincides with the alterations in muscle. Specifically, MT treatment decreased the relative abundance of Lactobacillus in males, while increased the relative abundance of Prevotella in females. In contrary to our study, most other research found that MT treatment is associated with a significant increase in the abundance of Lactobacillus in male rodents (48, 49). However, Silamikele et al. demonstrates that the abundance of Lactobacillus was mainly reduced in response to long-term MT treatment in males (50). Several studies suggest that enriched Lactobacillus is associated with improved inflammation (51, 52). Consist with our study, the MT treated male rats had a deficiency of Lactobacillus and aggravated inflammatory conditions in colon. One study testing long-term MT treatment on the gut microbiome in non-diabetic status found that, microbes from the Prevotellaceae classes were enriched (46). However, one human study found an increased abundance of Prevotella copri in T2D patients who were not respond well to MT treatment (53), while another study has shown that Prevotella was enriched in gestational diabetes patients (54). Prevotella is involved in mucin oligosaccharide degradation and may impair gut permeability (55). Cuesta-Zuluaga et al. found that MT is associated with higher levels of SCFA-producing and mucin-degrading microbiota (56). Interestingly, we found decreased Muc2 mRNA expression in the colon of MT-treated female rats, which is coincided with the increased abundance of Prevotella.

The gut microbiota affects metabolic phenotype by fermenting indigestible dietary components and thereby producing SCFAs (57). Currently, SCFAs have been widely reported to improve SM function. For instance, supplementing SCFAs mixture can improve muscle atrophy and function of germ-free mice (58), while continuous subcutaneous injection of acetic acid can restore the endurance performance of antibiotic-treated mice (59). In this study, plasma BA levels were significantly reduced, together with increased inflammation in colon and decreased gene expression of GPR109a in the muscle of MT treated male rats. Lactobacillus produces lactate, which can increase BA production in feces and butyrate uptake in intestinal epithelial cells, and then promote gut hormone secretion and colonic integrity, as well as inhibit inflammation (60). Thananimit et al. report that selected probiotic Lactobacillus strains such as L. paracasei SD1 and L. rhamnosus SD11 could produce SCFAs, particularly butyrate (61). BA can bind to GPR109a and improve inflammation in gut and SM via regulation of NF-κB signaling (62, 63). Consistent with our results, MT treated male rats had reduced Lactobacillus abundance and worse inflammatory condition in colon. Prevotella showed high fiber-utilizing capacity and high production of total SCFAs with propionate as the major product (64). Prevotella is associated with glycan degradation, which can provide carbon sources to CA producing bacteria (such as the genus Caproiciproducens) (65). The female MT treated rats had increased Prevotella abundance and plasma CA levels, as well as higher GPR41 mRNA expression in SM in this study. A rodent study showed that increased acetic acid, propionic acid, CA and total SCFA levels activated the SCFAs-GPR41 pathway and the downstream mitogen-activated protein kinase signaling pathway (66). The activation of GPR41 by SCFAs can raise energy expenditure and may activate muscle energy catabolism (67), which may explain the impaired the myogenesis and mitochondrial function in muscle.

Although interesting and important discoveries were revealed by this study, some limitations still exist. This study mainly focused on the alterations MT treatment induced in muscle at gene expression level, the mechanism of SCFAs bind to its receptors and activate the downstream signaling to affect muscle function should be proved with additional experiments using gene-edited mice or SM cell lines. Further analysis with metagenomic sequencing will help to screen out specific strains changed in the intestinal flora after the action of MT, and will complete the chain of evidence that how gut-muscle axis functions in this study.

?>It is intriguing to find that SM responds to MT treatment in a sex-specific manner. Previous studies report that sex differences were found in the SM when response to high-fat/high sucrose diet or calorie restriction in rats (68, 69). First, the morphometric properties of muscle fibers show gender differences, such as the numbers, diameters, and cross-section areas of muscle fibers (70). A current meta-analysis revealed that distribution percentage of Type I muscle fiber are greater in women than men, whereas distribution percentage of Type II muscle fibers tend to be greater in men than women, which may contribute to sex differences in physical activity patterns (71). Second, mitochondrial dynamics and biogenesis are shaped by sex, with females had more functional mitochondrial than males in SM (72). SM from female rats showed higher mitochondrial DNA and protein contents, and oxidative-phosphorylative capacities than males (73). Furthermore, we found the gut microbiota composition was significant different between male and female rats. And Shi et al. suggest that sex determines gut microbes and their metabolites (SCFAs/MCFAs) in high fat diet fed rats (74). Sex disparities were also observed in treatment transitions after MT initiation among T2D patients (75). In juvenile mice, circulating adiponectin and insulin levels were altered by MT treatment in a sex-specific manner (76). Our results suggest that in healthy rats, short term MT treatment is more likely to lead to muscle atrophy in female, while cause worse gut inflammation in male.

In conclusion, SM responses to MT treatment in a sexually dimorphic manner, which may partly associate with the gut-muscle axis (Figure 7). MT treatment decreased body weight, blood glucose and SM gene expression involved in myogenesis and mitochondrial function more significant in females, while increased the mRNA expression levels of more inflammatory markers in the gut of males. And MT treatment induced sex-specific alterations in the gut microbiota composition and plasma SCFAs contents in non-diabetic rats. Our research provides evidence that the use of MT in daily health maintenance has sex-specific effects on gut-muscle axis and should be approached with caution.

[image: Diagram showing the effects of muscle treatment (MT) on male and female mice through the gut-muscle axis. In males, integrity is not significant (NS), inflammation increases, and Lactobacillus is present, with a neutral impact on myogenesis and mitochondrial dynamics. In females, integrity decreases, inflammation and Prevotella increase, while myogenesis and mitochondrial dynamics decrease, and muscle interstitium and GPR41 increase. Plasma changes are depicted with BA and IBA in males, and CA in females.]
Figure 7 | Schematic mechanism of metformin effects on muscle and gut microbiota in male and female rats. The up (↑) and down (↓) arrows indicate increased or decreased of its gene expression, relative abundance or plasma levels, respectively. MT, metformin; NS, no significant effects.
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vs 3) vs 5) vs2or3 effect(3 effect (5
vs 4) vs 6) vs 6)
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(mgHA/cm®) vs2)
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Tb. BV/TV (%) 388 +1.56 353 20.98 3852073 3724154 461412 587 £1.19 ns ns ns P=0011 P=0034
Conn.D (mm) 1742 £ 630 127.7 £ 48.1 2467 £729 2622 + 1466 2820 + 1188 3163+ 98.9 ns ns ns ns ns

smt 298037 2942028 255015 2712036 279024+ 251023 P=0021 ns ns ns P=0039
THbN(mm™) 268033 254 0.15 298+ 021 288+ 036 295+ 041 3012039 ns ns ns ns ns
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Datais presented as mean & SD. Abbreviations: BV/TV, bone volume/tissue volume; Conn.D, connectivity densitys CtAr, cortical area; Ct.Po, cortical porosity: Ct.TMD, cortical tissue mineral density: L, minimal moment of inertia; Ma.V, marrow volume; PYD, post
yield deflection; SMI, structural model index; Tb.N, trabecular number; Tb.Sp, trabecular separation; Tb.Th, trabecular thickness: Tb.TMD, trabecular tissue mineral density; TtAr, total cross-sectional area; Ultimate Force: maximun value of load attained during the
test, PYD, Post-yield displacement. p values as indicated for comparisons between indicated groups, ns, not significant.
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Cl cteristics NC DM p value
N 22 (male, 8; ferale 14) 64 (male, 38; female 26)

Age (years) 47.95 £ 690 49.48 + 13.20 0491
Duration of diabetes (years) 0 55 (5,10) <0.001
Body height (cm) 167.86 + 6.889 167.05 + 8.20 0.676
Body weight (kg) 67.82 £ 6.19 71.06 + 12.54 0.118

SBP (mmHg) 114.68 + 13.89 135.06 + 18.39 <0.001
DBP (mmHg) 70.14 + 10.59 79.33 + 11.50 <0.001
Fasting Insulin (uIU/mL) 17.89 (16.59,19.15) 17.43 (12.33,29.67) 0.114

Results are shown as means + SD, [M(P25, P75)]; N, number of cases; Statistical significance p<0.05.
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Characteristics, n (%)

Smoking history

Never 2 (9.09) 5(7.81)
Former 1 (4.55) 3 (4.69)
Current 1 (4.55) 1 (1.56)
Hypertension 2 (9.09) 31 (48.44)
Hyperlipidemia 1 (4.55) 44 (68.75)
Non-alcoholic fatty liver disease 1 (4.55) 22 (34.38)
Diabetic complications
;};E:oiaii:ﬁzezorrr:;lliigsﬁons 182813)
;};[::jozvjsi:l]:leat: Sc:rlrelgiit::ﬁons Phe
Type 2 diabetes mellitus peripheral neuropathy 10 (15.63)
Medication use at baseline
Insulin and analogues 22 (34.38)
Insulin sensitizers (Biguanides, TZDs) 31 (48.44)
Insulin secretagogues (Sulfonylureas, Glinides) 15 (23.44)
Incretin modulators (GLP-1RA, DPP-4i) 13 (20.31)
Renal glucose excretion drugs (SGLT-2i) 9 (14.06)
o-Glycosidase inhibitors 6 (9.38)
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Low group Middle group High group
P-valu P-value P-value VIF
Sex -0.307 0072 1212 0.037 0.810 1313 0.099 0737 1347
Percent body fat (%) 0.460 0.071 2684 0.204 0.153 1.132 0.227 0520 1.897
Percent LBM (%) 0.169 0453 2253 -0.030 0.834 1.176 0.157 0.632 1.660
Peak VO, (%) -0.359 0.044 1303 0.113 0.401 1.010 -0.111 0.690 1.193
Sitting time (min/day) -0.055 0781 1751 0.192 0.172 1.103 -0.005 0.988 1.907
FST (%) -0.461 0.017 1462 -0.005 0.973 1.098 -0.166 0.636 1.904
B. FST
Low group Middle group High group
B P-value VIF B P-value VIF B P-value ’ VIF
Sex » -0.420 0.018 1.079 0.044 0.776 1312 0.282 0202 1204
Percent body fat (%) 0.155 0581 3.102 0.154 0.290 1152 -0.438 0.092 1586
Percent LBM (%) -0.088 0715 2301 -0.139 0.337 1.155 -0.120 0.637 1.661
Peak VO, (%) -0.266 0.175 1450 -0.039 0.776 1.023 -0.168 0427 1152
Sitting time (min/day) 0.260 0.208 1.627 0.142 0321 1.122 -0.600 0.013 1.209
MST (%) -0.525 0.017 1.664 -0.005 0.973 1119 -0.099 0.636 1.129

B standardize partial regression coefficient.
Sex: men = 1, women = 2.

VIF, variance inflation factor; LBM, lean body mass; VO,, oxygen consumption; FST, follistatin; MST, myostatin.
Percent body fat, percent lean body mass, peak VO, FST and MST were input as percent changes before and after the program.
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Aln = 126 Low group Middle group High group

n=32 n =67 n=27
Age (years) 459+ 139 448+ 134 473+ 154 438+ 102 0483
Men, n (%) 41 (32.5) 11 (34.4) 18 (26.9) 12 (44.4) 0250
Height (cm) 161.8 £ 8.4 161.8 £ 8.2 161.1 £ 8.3 163.7 £ 8.8 0.412
Body weight (kg) W2+ 202 98.9 +22.5 97.3£2%7 104.0 +22.8 0.457
Body mass index (kg/mz) 37776 375+64 374 £ 80 38877 0.708

Medical history ‘

Hypertension, n (%) 59 (46.8) 15 (46.9) 32 (47.8) 12 (44.4) 0958
Dyslipidemia, n (%) 35 (27.8) 9(28.1) 19 (28.4) 7(259) 0971
Diabetes mellitus, n (%) 29 (23) 12 (37.5) 11 (164) 6(222) 0.066
Medication ‘
A ntihypertensives, n (%) 46 (36.8) 13 (40.6) 23 (34.8) 10 (37.0) 0.856
Hypolipidemic agent, n (%) 31 (25.0) 9(28.1) 16 (26.4) 6(222) 0.868
Insulin, n (%) 2(1.6) 2(63) 0 (0.0) 0(0.0) 0.054
S'(i)h ypoglycemic agent, 26 (20.8) 12 (375 8 (12.1) 6(222) 0.014
Lifestyle
Current smoker, n (%) 9 (7.6) 5(16.7) 2(32) 2(7.4) 0.073
Alcoholic drinks, n (%) 38 (31.9) 10 (33.3) 21 (32.8) 7 (28.0) 0.892
Exercise habits, n (%) 12 (36.8) 12 (37.5) 22 (33.8) 8(29.6) 0.817

Data are expressed as mean + standard deviation or median (interquartile range).
*P < 0.05 vs. Middle group.
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Low group n = 32 Middle group n = 67 High g

Baseline hs Baseline ths Baseline = 6-months
Body weight (kg) 98.3 £219 97.6 £ 22.5 0.096 96.6 + 23.6 0.2+ 22.5% < 0.001 102.6 + 22.5 895 19.5"™ < 0.001
Body fat mass (kg) 44.0 £13.0 44.0 + 14.0 0.996 44.7 + 14.7 39.6 + 14.3* < 0.001 453 + 119 3[53:¢2129% < 0.001
Percent body fat mass(%) 444 £62 445+67 0730 459+ 63 434£70% | <0001 44062 388+93% | <0.001
LBM (kg) 534 +11.1 52.6 + 10.9* 0.015 LSE1LT 50.7 + 12.7 0.063 57.1 %132 545 £ 115 0.054
Percent LBM (%) 549 £ 6.6 54.6 £ 6.7 0.326 538 £6.2 56.6 £ 7.1** < 0.001 558 £ 6.5 61.9 + 12.4* 0.001
Visceral fat area (cmz) 187.5 + 60.1 178.7 £ 60.1 0.172 176.1 £ 64.4 153.3 + 55.3*% < 0.001 193.6 + 98.0 145.8 + 89.0** < 0.001
Subcutaneous fat area (sz) 461.4 + 1954 4449 £ 1933 0.329 4279 £ 165.3 5 ?:‘;M 0.001 455.1 £+ 183.5 i 3122?“ < 0.001

Systolic blood

1359 + 14.3 1331+ 16.1 0215 140.7 £ 18.0 134.0 £ 17.3* <0.001 137.9 £ 182 1231 £13.5 <0.001
pressure (mmHg)

Diastolic blood

787 +83 77.0£75 0232 | 8384121 | 778+10.9% | <0001 = 823+128 | 753£9.1% | <0.001
pressure (mmHg)
Rest HR (bpm) 718 + 143 695+ 122 0107 | 7284122 | 677+10.0% | <0001 = 750+108 | 627£95% | <0.001
13446 1306.0 1366.0 13292 1311.0 12500
baPWV (cm/sec) 0.097 0018 0.001
+2207 +2262 +2124 +2302% +189.4 +1745%
2000 1640 1925 1670 1795 1513
Energy intake (kcal/day) <0001 <0001 o 0.014
(1713,2346) | (1479, 1900)** (1650, 2450) (1350, 2050)** (1500, 2344) | (1288, 1975)*
Physical function
AT (ml/kg/min) 110+ 19 108+ 17 0.524 113+18 117£21 0.063 122429 130+ 4.1 0.086
Peak VO, (ml/kg/min) 179+ 4.1 180437 0.903 182+37 197442 | <0001 | 202%53 2.2+ 68" 0.002
Peak HR (bpm) 1428221 | 1463+219 | 0210 | 1483+180  1475%2L5 | 0614 | 14824174 | 1478 +17.8 | 0859
Peak RER 106 £0.08 | 110£009° 0032 | 106£009  109+009* | 0029 106+ 009 105 £ 0.10 0.631
Lower limb strength
144 £0.26 146 + 0.30 0306 | 1484036 | 155£039% | <0001  146+034  164%040% | <0.001
(Nm/kg)
Physical activity
Daily physical activity 1040 1735 0523 1234 17655 0001 100.5 2463 0022
(keal/day) (200,5239)  (67.7,301.1) (31.0,2879)  (72.2,398.1)" (00,2761) | (9.6, 650.9)*
257 28.6 257 321 20.7 543
Walking time (min/d 0.268 <0001 0.005
gitime (min/day) (5.7, 85.7) (140, 66.4) (57,400) (14,0, 69.7)** (00,493 (187,100.7)*
Sitting time (min/day) 0 i 0.936 =20 420 0.439 =10 =10 0.082
gt H/cey. (180, 600) (180, 585) * (300, 705) (240, 600) : (300, 840) (210, 720) :

Biochemical examination

AST (mg/dL) 23 (18,37) 20 (16, 30)** 0.004 26 (19, 38) 20 (16, 26)** < 0.001 25 (19, 35) 19 (17, 22)** 0.001

ALT (mg/dL) 30 (20, 56) 24 (17, 42)* 0012 31 (23, 54) 23 (15,300 | <0001 | 22(17,60) 15(13, 23 | <0.001
¥-GPT (mg/dL) 34 (20, 53) 30 (20, 52) 0265 34 (25,52) 26 (17,36) | <0001 | 34(17,54) 20(12,32)* | <0.001
HDL-cholesterol (mg/dL) =~ 433 +8.2 504 +10.1% | <0001 447116 = 532+140% | <0001  451+94 499 + 13.0° 0012

LDL-cholesterol (mg/dL) 107.9 £ 17.7 115.8 + 17.0** 0.006 1159 + 30.1 119.3 + 288 0.130 1223 + 36.8 1199 + 34.6 0.529

Triglycerides (mg/dL) 107 (84,143) | 102(91,125) | 0214 | 112(79,164) = 94(70,135) = <0001 = 97(74,129) = 78(62,123)* | 0.029
Fasting glucose (mg/dL) 1109 +322  1103+313 | 0922  1002+17.0  97.4+108 0101 | 988+203 883+ 118 0.008
HbAIc (%) 59(56,66) = 59(5563) | 0230 | 57(5561) 565459 <000l 56(5661) 55(53 57"  <0.001
13.9 15.5 16.1 12.5 12.7 8.7
Insuli U/mL, 0.013 0.092 0.005
nsulin; (uUsnl) (86, 19.6) (84,223)* (11.0,19.7) (88,19.7) (67, 16.6) (67,13.7)
HOMA-IR 3.6 (2.4,4.9) 39(1.8,63) 0.059 36 (25,5.0) 3.0 (21,52)* 0.038 2.8(1.5,48) 1.9 (12, 2.8)** 0.006
0.23 0.15 0.21 0.15 0.37 0.26
CRP (mg/dL, 0019 0019 0025
(mg/dL) (0.10,064)  (0.07, 0.40)* (0.8, 0.50) (0.05, 0.46)* (013,057) | (0.07,0.40)*

Data are expressed as mean + standard deviation or median (interquartile range).

P < 001, *P < 0.05 vs. significant change from baseline in each group.

LBM, lean body mass; HR, heart rate; baPWV, brachial-ankle pulse wave velocity; AT, anaerobic threshold; VO, oxygen consumption; RER, respiratory exchange ratio; AST, aspartate
aminotransferase; ALT, alanine aminotransferase; y-GPT, gamma-glutamyl transpeptidase; HDL, high-density lipoprotein; LDL, low-density lipoprotein; HbA ¢, glycated hemoglobin; HOMA-
IR, homeostasis model assessment of insulin resistance; CRP, C-reactive protein.
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EV Cargo Associated Function and/or Key Targets EV Source Reference
Disease
miRNA-19b-3p Type 2 Diabetes Promotes activation of M1 macrophages and is associated with the Renal tubular (53)
progression of kidney injury epithelial cells
miR-212-5p Type 2 Diabetes  Inhibits Sirtuin 2 and downstream Akt/B-catenin pathways, leading to M1 macrophages residing ~ (54)
insulin secretion dysfunction in human islets
miR-210 Obesity Inhibits NDUFA4, impairing glucose uptake and mitochondrial activity in ~ Macrophages from high- = (55)
3T3-L1 adipocytes, leading to weight gain fat diet mice
miR-620 Type 2 Diabetes Enhances insulin sensitivity in WAT M2 macrophages in Dicer ~ (56)
knockout mice
miR-3075 Type 2 Diabetes Compensates for insulin resistance caused by obesity, associated with Hepatocytes from (57)
Akt phosphorylation HED mice
IncRNA-p3134 Type 2 Diabetes | Upregulation promotes insulin secretion. Activates PI3K/Akt/ Mouse islet cells (51)
mTOR pathway
miR-128-1 Obesity, Type Upregulation reduces insulin sensitivity, promotes fat accumulation and Unknown (58)
2 Diabetes weight gain
miRNA-126 Type 2 Diabetes Inhibits phosphatase and PTEN, induces angiogenesis, promotes healing of Human bone marrow (59)
diabetic foot ulcers mesenchymal cells
miR-let7b/c, Type 2 Diabetes  Improves penile angiogenesis and downregulates penile fibrosis levels ADSC/urine-derived (60)
miR-126,132 stem cells
miR-486 Type 2 Diabetes Downregulates SMAD1/mTOR, improves symptoms of ADSC (61)
diabetic nephropathy
miR-19/103/29/15- Obesity, Type Upregulation promotes obesity, exacerbates insulin resistance Human serum (58)
b/143 2 Diabetes
miR-122, miR-27a Obesity Induces impaired glucose tolerance Serum from high-fat (62)
. miR-27b-3p diet mice
miR-802 Obesity Upregulation targets HNFIB, inhibits phosphorylation of IRS proteins, Liver of obese mice (63)
induces insulin resistance
miR-15a Type 2 Diabetes Targets Akt3/PI3 signaling pathway; upregulation exacerbates oxidative Human serum (64)
stress and apoptosis in retinal cells
miR-15b-5p Type 2 Diabetes Induce mesangial cell apoptosis. Unknown (65)
MicroRNA-15a Type 2 Diabetes Overexpression increases 3-cell apoptosis by inhibiting Bcl-2, exacerbating Unknown (66)
insulin resistance and T2DM progression
miR-1249 Type 2 Diabetes  Improves insulin resistance in hepatocytes by reducing NE-kB activity Mouse NK cells (67)
MiR-486-3p Type 2 Diabetes Regulates TLR4/NF-xB; upregulation inhibits oxidative stress, inflammation, ~ Rats (68)
and apoptosis, delaying diabetic retinopathy
MicroRNA let-7¢-5p Type 2 Diabetes Regulates MAPK, TGF-P signaling, associated with kidney fibrosis in Unknown (69)
diabetes, potential diagnostic/therapeutic target
IncRNA H19 Type 2 Diabetes  Competes with miR-152-3p, upregulation promotes PTEN, reduces Unknown (70)
inflammation, and decreases fibroblast apoptosis
MiR-26a Obesity, Type Induces AKT phosphorylation, improves insulin resistance Rats fed a high-fat diet (48)
2 Diabetes
IncRNA SNHG7 Type 2 Diabetes Regulates miR-34a-5p, inhibits EndMT and HRMEC, upregulation slows Unknown (71)
DR progression
microRNA-486-3p Type 2 Diabetes Targets TLR4/NF-KB axis, delays diabetic retinopathy progression Bone marrow (68)
mesenchymal stem cells
microRNA-16-5p Type 2 Diabetes  Protects podocytes, delays diabetic nephropathy progression Human urine-derived (72)
hsa_circ_0000907 Type 2 Diabetes  Biomarkers for early diagnosis of diabetic foot ulcers Human serum (73)
hsa_circ_0057362
mmu_circ_0000250 Type 2 Diabetes Regulates miR-128/SIRT, promotes autophagy, upregulation promotes Rats (74)
wound healing in diabetes
circEhmt1 Type 2 Diabetes Upregulates transcription factor NFIA, inhibits angiogenesis, reduces Unknown (75)
apoptosis, delays diabetic retinopathy progression
circ_DLGAP4 Type 2 Diabetes  Acts as a sponge for miR-143, targets ERBB3/NE-KB/MMP-2, promotes Unknown (76)
diabetic nephropathy progression
circ_0005015 Type 2 Diabetes Promotes upregulation of MMP-2, STAT3, promotes DR progression, Unknown 77)
biomarker for early diagnosis of DR
MiR-222 Type 2 Diabetes Activate STAT5 protein expression to promote retinal recovery in diabetic Unknown (78)

retinopathy (DR).
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Characteristics

\[@

N=670
(53.9%)

Cl
N=573
(46.1%)

Age (years) 61.05 + 7.17 63.67 + 7.40 <0.001*
Sex-male 371(55.4%) 265(46.2%) 0.001*
Married-yes 629(93.9%) 477(83.2%) <0.001*
Current smoking-yes 202(30.1%) 161(28.1%) 0.249
Current drinking-yes 184(27.5%) 137(23.9%) 0.318
Education (years) 11.20 £ 2.70 9.97 £2.90 <0.001*
Duration of 6(1,12) 7(2,15) 0.074
diabetes (years)
Regular exercise 471(70.4%) 421(73.7%) 0.194
Diabetic dietary control 475(71.1%) 348(61.1%) <0.001*
Dyslipidemia-yes 372(55.6%) 283(49.6%) 0.034*
DMC-yes 269(40.1%) 256(44.8%) 0.226
PAA-yes 388(57.9%) 333(58.2%) 0.001*
CHD-yes 220(32.9%) 219(35.4%) 0.016*
CVD-yes 142(21.2%) 205(35.8%) <0.001*
Antidiabetic agents-yes 599(89.5%) 498(86.9%) 0.521
Metformin 311(46.7%) 254(44.6%) 0.470
Sulfonylurea 179(26.9%) 133(23.4%) 0.158
Thiazolidinedione 19(2.9%) 12(2.1%) 0.405
Alpha- 382(57.4%) 360(63.3%) 0.034*
glycosidase inhibitors
SGLT - 2i 23(3.5%) 17(3.0%) 0.645
DPP- 4i 141(21.2%) 124(21.8%) 0.791
Insulin 286(42.7%) 253(44.2%) 0.603
Statins-yes 67(10.0%) 66(11.6%) 0.557
FPG (mmol/L) 8.67 £ 3.13 8.40 +2.97 0.131
V HbA1C (%) 8.88 + 2.04 8.85 +2.17 0.809
WBC (10°/L) 627 + 1.65 629  1.73 0.823
Hb (g/L) 136.11 + 154 132.78  15.5 <0.001*
Uric acid (umol/L) 293.77 + 8243 296.31 + 86.87 0.599
eGFR (mL/min/ 120.37 + 35.28 115.84 + 33.75 0.022*
1.73 m?)
UREA/CREA 2335 %1133 23.14 + 7.65 0.701
GGT (U/L) 26(19,40) 25(18,36) 0.049*
ALT (U/L) 20(15,30) 18(13.27) <0.001*
AST (U/L) 17(14,23) 18(14,23) 0.170
SBP (mmHg) 132.58 £ 13.92 133.09 £ 13.18 0.509
DBP (mmHg) 79.19 + 8.44 79.31 +8.73 0.815
BMI (kg/m?) 26.07 + 3.62 25.74 + 3.46 0.104
WC (cm) 90.73 + 9.95 92.01 +9.18 0.019*
VFA (cmz) 102.68 + 30.39 103.92 + 28.55 0.463
PBF (%) 3047 + 7.56 3173752 0.004*
FFM (kg) 50.76 + 8.89 48.34 £ 8.78 <0.001*
ASM (kg) 21.01 + 442 19.86 + 4.35 <0.001*
BMR (kcal/d) 1472.62 + 193.78 1411.12 £ 190.76 <0.001*
BMR/Ht:ight2 0.053 + 0.004 0.052 + 0.004 <0.001*
BMR/BSA 77017 £ 52.27 753.11 + 53.16 <0.001*

Data are presented as means + standard deviations or medians (interquartile ranges) for
continuous data and numbers (%) for categorical data. NC, normal cognitive; CI, cognitive
impairment; SBP, systolic blood pressure; DBP, diastolic blood pressure; DMC, diabetic
microvascular complications (including diabetic nephropathy and/or diabetic retinopathy);
CVD, cerebrovascular disease (including hemorrhagic and ischemic stroke); PAA, peripheral
arterial atherosclerosis; CHD, coronary heart disease; FPG, fasting plasma glucose; HbAlc,
hemoglobin Alc; WBC, white blood cell count; Hb, hemoglobin; eGFR, estimated glomerular
filtration rate; UREA/CREA, urea nitrogen related to creatinine; GGT, gamma-glutamyl
transferase; AST, aspartate aminotransferase; ALT, alanine aminotransferase; BMI, body mass
index; WC, waist circumference; VFA, visceral fat area; PBF, percentage of body fat; FEM, fat
free mass; ASM, appendicular skeletal muscle; BMR, basal metabolic rate; BSA, body surface
area. * P <0.05.
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BMR 0.591 (0.558,0.621) 1449.730 60.03 (55.9,64.1) 55.07 (51.2,58.9) 0.151 <0.001*
BMR/Height2 0.585 (0.552,0.615) 0.055 86.39 (83.3,89.1) 2672 (23.4,30.2) 0.131 <0.001*
BMR/BSA 0.586 (0.552,0.616) 770.717 63.00 (58.9,67.0) 49.25 (45.4,53.1) 0.123 <0.001*
BMR+BMI 0.591 (0.560,0.624) 0.457 59.69 (55.5,63.7) 54.93 (51.1,58.7) 0.146 <0.001*
#BMR+WC 0.627 (0.597,0.660) 0.505 45.55 (41.4,49.7) 76.12 (72.7,79.3) 0217 <0.001*
BMR+VFA 0.594 (0.563,0.627) 0.424 70.68 (66.8,74.4) 44.48 (40.7,48.3) 0.152 <0.001*
BMR+PBF 0.591 (0.559,0.624) 0.418 74.00 (70.2,77.5) 40.00 (36.3,43.8) 0.140 <0.001*
#BMR+FFM 0.645 (0.615,0.677) 0434 79.58 (76.0,82.8) 40.60 (36.9,44.4) 0.202 <0.001*
#BMR+ASM 0.623 (0.591,0.655) 0438 70.51 (66.6,74.2) 49.70 (45.8,53.6) 0.202 <0.001*
BMR/Height>+BMI 0.591 (0.559,0.623) 0.525 29.67 (26.0,33.6) 84.03 (81.0,86.7) 0.137 <0.001*
BMR/Height’+WC 0.630 (0.599,0.663) 0492 52.01 (47.8,56.2) 69.55 (65.9,73.0) 0.216 <0.001*
BMR/HeightZ+VFA 0.593 (0.561,0.625) 0.513 35.43 (31.5,39.5) 77.76 (74.4,80.9) 0.132 <0.001*
BMR/HeightZ+PBF 0.593 (0.562,0.625) 0.509 37.17 (33.2,41.3) 75.67 (72.2,78.9) 0.128 <0.001*
BMR/Height’+FFM 0.587 (0.556,0.620) 0407 82.55 (79.2,85.6) 31.64 (28.1,35.3) 0.142 <0.001*
BMR/Height’+ASM 0.587 (0.556,0.620) 0409 82.02 (78.6,85.1) 31.94 (28.4,35.6) 0.140 <0.001*
BMR/BSA+BMI 0.599 (0.568,0.632) 0.466 57.42 (53.3,61.5) 58.51 (54.7,62.3) 0.159 <0.001*
BMR/BSA+WC 0.595 (0.565,0.628) 0430 70.16 (66.2,73.9) 44.33 (40.5,8.2) 0.145 <0.001*
BMR/BSA+VFA 0.590 (0.559,0.623) 0.433 67.71 (63.7,71.5) 46.87 (43.0,50.7) 0.146 <0.001*
BMR/BSA+PBF 0.596 (0.564,0.629) 0.478 52.01 (47.8,56.2) 62.09 (58.3,65.8) 0.141 <0.001*
BMR/BSA+FFM 0.588 (0.556,0.621) 0.419 74.00 (70.2,77.5) 39.25 (35.5,43.1) 0.133 <0.001*
BMR/BSA+ASM 0.588 (0.555,0.620) 0420 72.95 (69.1,76.5) 40.15 (36.4,44.0) 0.131 <0.001*

ROC, receiver operating characteristic; AUC, area under the ROC curve; 95% CI, 95% confidence interval; Sens, sensitivitys Spec, specificitys BMI, body mass index; WC, waist circumference;
VEA, visceral fat area; PBF, percentage of body fat; FEM, fat free mass; ASM, appendicular skeletal muscle; BMR, basal metabolic rate; BSA, body surface area.

*Significance of AUC determined using Z-test, P < 0.05.

# Statistically significant differences were observed between the AUC of individual BMR-related indices (BMR/Height’, BMR/BSA, and BMR) and the AUC of combined BMR with obesity
indices (WC, FFM, and ASM). (P values for the DeLong test were < 0.05).
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