

[image: Cover of "Cardiovascular Diseases Related to Diabetes and Obesity, Volume V," edited by Ying Xin. Features a microscopic image of tissue. Published in Frontiers in Endocrinology and Frontiers in Nutrition.]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-8325-6733-3
DOI 10.3389/978-2-8325-6733-3

Generative AI statement

Any alternative text (Alt text) provided alongside figures in the articles in this ebook has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Cardiovascular diseases related to diabetes and obesity, volume V

Topic editor

Ying Xin – Jilin University, China

Citation

Xin, Y., ed. (2025). Cardiovascular diseases related to diabetes and obesity, volume V. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-6733-3





Table of Contents




Adiposity trajectories and cardiovascular disease risk in women: a population-based cohort study with a focus on menopausal status

Faegheh Firouzi, Fahimeh Ramezani Tehrani, Alireza Kaveh, Maryam Mousavi, Fereidoun Azizi and Samira Behboudi-Gandevani

Associations of oxidative balance score with hyperuricemia and gout among American adults: a population-based study

Kai Wang, Jinyi Wu, Minggang Deng, Jiaqi Nie, Fengxi Tao, Qingwen Li, Xin Luo and Fang Xia

Diabetic microvascular complications and associated factors in patients with type 2 diabetes in Southern Ethiopia

Fasika Merid, Firdawek Getahun, Habtamu Esubalew and Tamirat Gezahegn

Perirenal fat thickness contributes to the estimated 10-year risk of cardiovascular disease and atherosclerotic cardiovascular disease in type 2 diabetes mellitus

Wei Wang, Feng Yan Lv, Mei Tu and Xiu Li Guo

Obesity and the obesity paradox in abdominal aortic aneurysm

Feng Lu, Yong Lin, Jianshun Zhou, Zhen Chen, Yingying Liu, Maolin Zhong and Lifeng Wang

Trimethylamine N-oxide predicts cardiovascular events in coronary artery disease patients with diabetes mellitus: a prospective cohort study

Xue Yu, Yijia Wang, Ruiyue Yang, Zhe Wang, Xinyue Wang, Siming Wang, Wenduo Zhang, Jun Dong, Wenxiang Chen, Fusui Ji and Wei Gao

Update on clinical and experimental management of diabetic cardiomyopathy: addressing current and future therapy

Peter Galis, Linda Bartosova, Veronika Farkasova, Monika Bartekova, Kristina Ferenczyova and Tomas Rajtik

The predictive value of the triglyceride glucose index combined with cystatin C for the prognosis of patients with acute coronary syndrome

Chen Wang, Pinliang Liao, Chuanqin Tang, Chunlin Chen and Xiaoyu Zhang

Association of oxidative balance score, cardiovascular, and all-cause mortality among patients with type 2 diabetes mellitus

Chengming Ni, Xiaohang Wang, Yunting Zhou, Qianqian Wang, Zhensheng Cai, Huan Wang, Yang Chen, Yu Liu and Zilin Sun

Neutrophil-to-lymphocyte ratio in type 2 diabetes patients combined with Lower Extremity Peripheral Artery Disease

Li Li, Mengjie Wang, Ting Jia, Xiaowan Jiang, Fan Yang, Zhongjing Wang and Xuyan Zhang

The effect of blood flow-restrictive resistance training on the risk of atherosclerotic cardiovascular disease in middle-aged patients with type 2 diabetes: a randomized controlled trial

Xiaojun Ma, Xuandong Lin, Lei Zhou, Wen Li, Qinyu Yi, Fulian Lei, Xuan Tang, Yuxin Ai, Yating Zhan, Huanyan Luo, Liduo Wang, Fenfang Lei, Binghua He, Fan Yang and Sijie Ruan

Dietary habits, nutritional knowledge, and nutritional status among cardiological patients, including those with obesity and diabetes

Anna-Maria Sapała, Wiktoria Staśkiewicz-Bartecka, Elżbieta Grochowska-Niedworok and Marek Kardas

Potential pathogenic roles of ferroptosis and cuproptosis in cadmium-induced or exacerbated cardiovascular complications in individuals with diabetes

Saman Saedi, Yi Tan, Sara E. Watson, Kupper A. Wintergerst and Lu Cai

Mixed comparison of different exercise interventions on physical functioning in adult patients with morbid obesity following bariatric surgery: a systematic review and network meta-analysis

Chen Hu, Dong Sun, Yufei Fang, Xuanzhen Cen, Yining Xu, Julien S. Baker and Yaodong Gu

Ferroptosis in diabetic cardiomyopathy: from its mechanisms to therapeutic strategies

Meimei Tian, Xinli Huang, Min Li, Pingping Lou, Huijie Ma, Xinli Jiang, Yaru Zhou and Yan Liu

Association of hemoglobin glycation index with all-cause and cardio-cerebrovascular mortality among people with metabolic syndrome

Leiyong Zhao, Chengjun Li, Hequn Lv, Chunli Zeng and Yongjun Peng

Traditional versus intensive blood glucose control: long-term target range duration and cardiovascular disease risk and all-cause mortality - a real-world cohort study

Jingdi Zhang, Liuxin Li, Donglei Luo, Zhenyu Huo, Xiaoxue Zhang, Yiran Xu, Jingyuan Jiang, Tiantian Liu, Shouling Wu and Zhe Huang

The association of perirenal adipose tissue accumulation with left ventricular hypertrophy and the mediating role of insulin resistance: a cross-sectional study involving 1112 individuals with type 2 diabetes mellitus

Wei Wang, Yang Chen, Xiu Ping Qiu and Xiu Li Guo

Sex differences in intracranial plaque burden in patients with type 2 diabetes mellitus with acute ischemic cerebrovascular disease: a pilot study based on high-resolution MRI

Xuejiao Yan, Ling Li, Jie Gao, Lihui Wang, Kai Ai, Xiaoyan Lei, Min Tang, Xiaoling Zhang and Dongsheng Zhang

Association of body fat percentage with diabetes in hypertensive adults of different genders: a cross-sectional study

Jingan Rao, Congcong Ding, Yumeng Shi, Wei Zhou, Chao Yu, Tao Wang, Lingjuan Zhu, Xiao Huang, Huihui Bao and Xiaoshu Cheng

Identification and validation of endoplasmic reticulum stress-related diagnostic biomarkers for type 1 diabetic cardiomyopathy based on bioinformatics and machine learning

Qiao Tang, Yanwei Ji, Zhongyuan Xia, Yuxi Zhang, Chong Dong, Qian Sun and Shaoqing Lei

Modeling recurrent heart failure risk in type 2 diabetes: impact of flexible HbA1c trajectories using nonhomogeneous Poisson processes

Di Cui, Haiyan Xu, Xiuju Fu, Stefan Ma and Yong Mong Bee





ORIGINAL RESEARCH

published: 24 May 2024

doi: 10.3389/fendo.2024.1389330

[image: image2]


Adiposity trajectories and cardiovascular disease risk in women: a population-based cohort study with a focus on menopausal status


Faegheh Firouzi 1,2, Fahimeh Ramezani Tehrani 2,3*, Alireza Kaveh 1, Maryam Mousavi 2, Fereidoun Azizi 4 and Samira Behboudi-Gandevani 5*


1 Tehran Medical Branch, Islamic Azad University, Tehran, Iran, 2 Reproductive Endocrinology Research Center, Research Institute for Endocrine Sciences, Shahid Beheshti University of Medical Sciences, Tehran, Iran, 3 The Foundation for Research & Education Excellence, Vestaria Hills, AL, United States, 4 Endocrine Research Center, Research Institute for Endocrine Sciences, Shahid Beheshti University of Medical Sciences, Tehran, Iran, 5 Faculty of Nursing and Health Sciences, Nord University, Bodø, Norway




Edited by: 

Lu Cai, University of Louisville, United States

Reviewed by: 

Basil Nwaneri Okeahialam, University of Jos, Nigeria

Yoshitaka Hashimoto, Kyoto Prefectural University of Medicine, Japan

*Correspondence: 

Fahimeh Ramezani Tehrani
 fah.tehrani@gmail.com 

Samira Behboudi-Gandevani
 Samira.behboudi-gandevani@nord.no


Received: 21 February 2024

Accepted: 25 April 2024

Published: 24 May 2024

Citation:
Firouzi F, Ramezani Tehrani F, Kaveh A, Mousavi M, Azizi F and Behboudi-Gandevani S (2024) Adiposity trajectories and cardiovascular disease risk in women: a population-based cohort study with a focus on menopausal status. Front. Endocrinol. 15:1389330. doi: 10.3389/fendo.2024.1389330






Objectives

A single measurement of adiposity indices could predict the incidence of cardiovascular disease (CVD); nonetheless their long-term pattern and its association with incident CVD are rarely studied. This study aimed to determine distinct trajectories of adiposity indices among participants of Tehran Lipid and Glucose Study (TLGS) and their association with incident CVD. Furthermore, this study aimed to investigate whether this association differed among individuals according to their menopausal status.





Method

A total of 6840 women participated in TLGS, aged 20 years and older were included in this study; they were followed for a median of 16 years. Body mass index (BMI), waist circumference (WC), conicity index (CI) and body roundness index (BRI) were included in the analysis as adiposity indices. The cohort outcome panel of medical specialists identified the CVD outcomes. Trajectory analyses were used to identify homogeneous distinct clusters of adiposity indices trajectories. The association between the trajectory group membership and incident CVD were explored by Cox proportional hazard models, with unadjusted and adjusted model for baseline age, physical activity, smoking status, menopause and family history of CVD.





Results

Three BMI trajectory groups of low, medium, and high and two trajectories for WC, BRI and CI were identified. Adjusted cox proportional hazard models revealed significant associations between the hazard of CVD experience and the high trajectory group of the BMI (HR: 2.06, 95% CI: 1.38-3.07), WC (HR: 2.71, 95% CI: 1.98-3.70), CI (HR: 1.87, 95% CI: 1.26-2.77) and BRI (HR: 1.55-95% CI: 1.12-2.15), compared to the low trajectory group. Subgroup analysis based on the menopausal status of participants showed that the HR of CVD incidences for all of trajectories adiposity indices, except BMI, was statistically significant. Adjusted cox proportional hazard models, in those women not reached menopause during study, revealed that the HR (95% CI) of CVD incidences for high trajectory of BMI, WC, CI and BRI were 2.80 (1.86-7.05); 2.09 (1.40-6.16); 1.72 (1.42-5.61), and 3.09 (1.06-9.01), respectively. These values for those were menopause at the initiation of the study were 1.40 (1.11, 2.53); 1.65 (1.04-2.75); 1.69 (1.01-2.87), and 1.61 (0.98-2.65), respectively.





Conclusion

Our findings suggest that adiposity trajectories, particularly central adiposity index of CI, could precisely predict the CVD risk. Consequently, preventive strategies should be tailored accordingly.
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Introduction

The impact of obesity on cardiovascular disease (CVD) is well-documented (1, 2). Obesity contributes directly to incident cardiovascular risk factors, including dyslipidemia, type 2 diabetes, hypertension, and sleep disorders. Obesity is often associated with poor diet quality and reduced physical activity, both of which independently increase CVD risk (3). The association between adipose tissue and CVD appears to be causal, involving direct mechanisms and indirect pathways mediated through obesity-related comorbidities.

Several indicators have been developed for assessment of general, central, and visceral obesity; that predict CVD risks (4). Body Mass Index (BMI) is a widely used measure to assess general obesity; it is strongly correlated with body fat percentage using bioelectrical impedance and dual energy X-ray absorptiometry (DXA). Waist circumference (WC) is considered a superior predictor of cardiovascular disease (CVD) compared to BMI, especially among women. Several studies have shown that WC is a strong predictor of CVD and CVD-related mortality, with a higher relative risk of CVD mortality in any BMI category (5, 6). Body roundness index (BRI), and conicity index (CI) are additional indicators that have been proposed to assess obesity (7); however, the evidence on the predictive value of these indices for cardiovascular disease (CVD) risk is limited and inconsistent.

In addition to obesity, the impact of menopause on cardiovascular disease (CVD) is significant, as CVD becomes the leading cause of death in women after menopause. Several factors contributing to the increased CVD risk in menopausal women include changing hormonal milieu and endogenous sex lipids and lipoproteins; visceral obesity and revising of body fat distribution; and pro-inflammatory and pro-oxidative effects of menopause (8–10).

There are studies highlighted the importance of considering changes in cardiovascular risk factors over time and their impact on the risk of CVD (11). The Whitehall II cohort study (12), the ATTICA epidemiological study (13), the Young Finns Study (14) found that changes in BMI and waist circumference were associated with an increased risk of CVD, independent of baseline measurements. However, the long-term patterns of obesity index and their association with the incidence of CVD, considering the effect of menopause, are poorly characterized. We aimed to identify distinct trajectories of adiposity indices among participants of population-based study of Tehran Lipid and Glucose Study (TLGS) and determine their association with incident CVD and examine whether the association differed among individuals according to their menopausal status.





Material and methods

This study was conducted according to the guidelines of the Declaration of Helsinki, and all its procedures involving human subjects were approved by the ethics committee of the Research Institute for Endocrine Sciences, Shahid Beheshti University of Medical Sciences (approval code: IR.SBMU.ENDOCRINE.REC.1402.064). Written informed consent was obtained from all subjects.

For the purpose of the present study, we used data collected in the Tehran Lipid and Glucose Study (TLGS), a prospective, population-based study aimed at assessing the prevalence and determinants of risk factors for non-communicable diseases (15). The methodology of various components of TLGS study has been previously reported (16–18).

A total of 6840 women, >20 years old, and without history of CVD at initiation of the study, were identified. After exclusion of participants with missing information on adiposity indices or CVD status during follow-up (n = 5159), in all 1681 subjects were included in study. There were 181 events of CVD during the follow ups. All participants were present at the baseline of the study and had six follow-up visits (Figure 1).

[image: Flowchart showing the selection process for a study on women from the TLGS study. Out of 11,100 women, 6,840 were eligible. Reasons for exclusion include not entering phase 1 or 2 (904), baseline age less than or equal to 20 (3,105), and CVD history (251). Of the eligible women, 1,681 were selected for the study based on complete adiposity information, including 181 with CVD and 1,500 without CVD. 5,159 women were excluded due to missing adiposity data.]
Figure 1 | Flowchart of the study.

Additionally, the population was stratified based on menopausal status into three subgroups of women who were menopausal before the first follow-up (n =364), women who became menopausal during the follow-up period (n = 749), and non-menopausal women throughout the follow-ups (n = 568).

In the framework of TLGS, the demographic, clinical, biochemical, anthropometric, and lifestyle data of the participants were collected at intervals of three years, starting from 1999-2001 (phase I). Further prospective follow-ups were held from 2002-2005 (phase II), 2006-2008 (phase III), 2009-2011 (phase IV), 2012-2015 (phase V), 2016-2019 (phase VI) and 2020-2023 (phase VII). In order to conduct biochemical assessments, blood samples were collected after a 12- to 14 hours overnight fast (between 7:00 and 9:00 a.m.).

All measurements were performed at baseline and at each follow-up according the standard protocol of TLGS, which has been addressed elsewhere (15). While the subjects were standing barefoot against a wall with shoulders in the normal alignment, a tape stadiometer was used to measure height. Weight was measured using a digital electronic scale (Seca 707; range 0.1–150 kg, Hanover, MD, USA) while the subjects were minimally clothed and barefoot, and the obtained weight was rounded to the nearest 100 g. Waist circumference was measured using a non-flexible tape meter at the umbilical level without pressuring the body surface while the subjects were standing, at the level midway between the lower rib margin and the iliac crest with participants in standing position, the measurements were rounded to the nearest 0.1 cm. We used the following adiposity indices: BMI (body mass index), CI (cone index), WC (waist circumference) and BRI (body roundness index).

Details of the collection of CVD events data have been published elsewhere (19). In brief, participants underwent annual follow-ups conducted by trained nurses via phone calls to identify any CVD events within the past year. If any events occurred a trained physician collected the necessary data through home visits and/or by reviewing hospital records. Subsequently, the diagnosis was confirmed by the Cohort Outcome Panel of medical specialists.




Terms definitions

Body mass index (BMI) was measured as equation weight (kg)/height (m)2. The conicity index (CI) and body roundness index (BRI) proposed by following formulas (20, 21):

[image: Equation for calculating CI: waist circumference in meters divided by 0.109 times the square root of body weight in kilograms divided by height in meters.]	

[image: The formula shown is: BRI equals 364.2 minus 365.5 times 1 minus the square root of (WC divided by 2π) squared times (0.5 times height) to the power of three.]	

Physical activity was assessed according to a modifiable activity questionnaire (MAQ) (22, 23). Smoking status was defined as current ever smoker or non-smoker. Menopause was defined as permanent cessation of menstrual bleeding for at least 12 months (24). A family history of CVD was defined as a prior diagnosis of CVD in any first-degree women relative aged < 65 years or a men relative aged < 55 years old. CVD is defined as the presence of CHD as defined priorly, or stroke; or cerebrovascular death (25). Coronary heart disease (CHD) is defined as (i) definite myocardial infarction (MI); diagnosed by evolving diagnostic electrocardiography (ECG) and positive biomarkers; or, (ii) probable myocardial infarction; diagnosed by positive ECG findings plus cardiac symptoms and signs plus missing biomarkers, or Positive ECG findings plus equivocal biomarkers; or, (iii) unstable angina pectoris; defined as new cardiac symptoms or changing symptom patterns and positive ECG findings and normal biomarkers; or (iv) angiographic proven CHD; or (v) CHD death; including definite and possible fatal MI (25).





Statistical analysis

The baseline characteristics of participants were described and compared according to their CVD event. To determine the normality assumption, Kolmogorov–Smirnov test was used. The mean (SD) and ANOVA tests were used for variables with normal distribution, and median (IQR) and Kruskal-Wallis tests were applied for those without having normality assumptions. We reported frequencies (%) and used the Chi-squared test or Fisher exact test for categorical variables.

Trajectory analysis was used to identify homogeneous distinct clusters of adiposity indices trajectories including BMI, CI, WC, and BRI (groups of individuals following similar progressions over time) and assign individuals to unique clusters. The optimal number of clusters that provide a “good” partition (a partition where clusters are firstly compact and secondly well separated from each other) was selected by the Calinski-Harabatz criterion which indicates number of clusters with a large between-cluster variance and a small within-cluster variance (26). Three trajectory clusters were identified as optimum for BMI, while 2 trajectories were identified as optimum for waist, CI, and BRI. It should be noted that we included only women completed all seven follow-ups of the TLGS in order to provide greater accuracy and less bias in terms of the obtained trajectories (27–29).

The association between the trajectory group membership and incident CVD were explored by Cox proportional hazard models, with unadjusted model (Model 1) and adjusted model for baseline age, physical activity, smoking status, and family history of CVD (Model 2). Considering the high correlation between the extracted trajectories for the studied adiposity indices and their corresponding continuous adiposity variables, concurrent adjustment of both variables would likely introduce multicollinearity, thereby impeding the ability to discern the significant effects of variable 1. Additionally, the removal of one of the highly correlated variables can aid in mitigating variance inflation, thereby enhancing the model’s stability and interpretability. In accordance with the study’s objectives, we did not adjust the adiposity variables, thereby enabling the examination of the trajectories’ impact on CVD risk independently (30). All statistical analysis was performed using R statistical software (version 3.4.3) packages ‘survival’ and ‘kml’. The P-values less than 0.05 were considered statistically significant.






Results

Figure 1 presents the study flowchart for the present study. Considering the eligibility criteria, a total number of 1681 women were participated in this study and followed up with a median of 16 (IQR: 15-17) years. There was no statistically significant difference on baseline characteristics of those participants of TLGS that selected for the current study (n=1681) with those not selected (n=5159) (Table 1). Baseline characteristics of participants based on eligibility criteria at the initiation of study and the CVD experience at the end of the study are presented in Table 1. The effect of baseline adiposity indices on incident CVD are presented in Table 2.

Table 1 | Baseline characteristics of the participants based on selected or not selected and CVD event.


[image: Table comparing various health variables between groups of eligible women based on selection status and incidence of cardiovascular disease (CVD) at follow-up. Variables include age, BMI, waist circumference, BRI, CI, physical activity, family history of CVD, smoking history, and menopausal age. Median values, interquartile ranges (IQR), percentages, and p-values are provided for each category across different groups. Key findings include significant differences in age, BMI, waist circumference, and other variables between those with and without CVD incidence.]
Table 2 | HRs and 95% confidence intervals of for incidence CVD according to the baseline adiposity indices.


[image: Table comparing adiposity indices with hazard ratios (HR), confidence intervals (CI), and p-values across different models for total women, menopausal women before and during study, and non-menopausal women. Indices include BMI, WC, CI, and BRI. Models 1, 3, 5, 7 are crude; Model 2 adjusts for various factors. HRs range from 1.01 to 2.44 with significant p-values noted.]
During the follow ups, 181 participants (10.8%) experienced CVD. There were statistically significant differences in age, BMI, WC, BRI, CI, Family history of CVD, and menopausal age between those who experienced CVD and those ones did not (P-value < 0.001). Physical activity and smoking status showed no statistically difference in CVD incidence categories (Table 1).

Figure 2 presents the forest plot of HRs (95% CIs) for baseline adiposity indices (BMI, WC, CI, and BRI) for incidence CVD in total and according to their menopausal status. As shown, with each unite increase in CI, the HR for incidence CVD among all participants (regardless of menopausal status) is 2.04 (95% CI: 1.65-2.54); it is 2.10 (95% CI: 1.34-3.19); 1.96 (95% CI: 1.42-2.70) and 1.99 (95% CI: 1.36-2.93) for non-menopausal, menopausal during follow up, and menopausal at baseline, respectively (Figure 2).

[image: Four-panel graph displaying hazard ratios (HR) and P-values for various baselines: BMI, waist, CI, and BRI. Panels A and B show HRs ranging from 1.04 to 2.10 with significant P-values below 0.001. Panels C and D present similar values, also with P-values below 0.001. Each panel has plotted points with confidence intervals, illustrating the statistical impact of each baseline.]
Figure 2 | Forest plot of HRs (95% CIs) for adiposity indices (BMI, WC, CI, and BRI) at baseline for incidence CVD in total participants and subgroups according to the menopausal status. (A) Total participants; (B) Not reached menopause during follow ups; (C) Reached menopause during follow ups; (D) Menopause at baseline. BMI, Body Mass Index; WC, Waist circumference; CI, conicity index (CI); BRI, Body roundness index; CVD, cardiovascular disease.

Figure 3 shows the predicted trajectories of BMI, WC, CI, and BRI during follow-ups. Trajectory models revealed three trajectories for BMI [low (36.5%, n=614), medium (44.2%, n=745), and high (19%, n=322)], two trajectories for WC [low (48.8%, n=787), and high (53.2%, n=894)], two trajectories for CI [low (53.5%, n=899), and high (46.5%, n=782)], and two trajectories for BRI [low (39.6%, n=666), and high (60.4%, n=1015)] as the best fitting of latent class growth mixture model (Figure 3).

[image: Four line graphs labeled A to D show data changes over six time points with lines A, B, and C. Graph A shows a decrease in line A to thirty from forty-four point three percent, line B to thirty-six point five percent, and line C to nineteen point two percent. Graph B has line A at fifty-three point five percent and B at forty-six point five percent. Graph C shows line A at fifty-three point nine percent and B at forty-six point one percent. Graph D has line A at sixty point four percent and B at thirty-nine point six percent.]
Figure 3 | Predicted trajectories of BMI, WC, CI and BRI during follow-ups. (A) BMI; (B) CI; (C); WC and (D) BRI. The trajectories are shown in solid line and capital letters. The proportions in each trajectory are shown above the graphs. BMI, Body Mass Index; WC, Waist circumference; CI, conicity index (CI); BRI, Body roundness index; CVD, cardiovascular disease.

Table 2 provides definitions of the trajectories of various adiposity indices over follow ups. At the first visit, individuals in the 1st trajectory had a mean (SD) BMI of 23.14 (2.51) kg/m², which increased to 25.54 (2.43) kg/m2 by the last visit. For those in the medium and high trajectories, these values were 28.37 (2.22) 30.89 (2.33) kg/m², and 33.96 (3.21); 37.56 (4.65) kg/m2,respectively (Table 3).

Table 3 | HRs and 95% confidence intervals of BMI, waist, CI and BRI trajectory groups for incidence CVD in total women.


[image: Table comparing hazard ratios (HR) and p-values across different models and categories of body measurements like BMI, WC, CI, and BRI. Columns include total women, menopausal status before, during, and after the study. Models 1, 3, 5, 7 are crude; others adjust for various factors. Values indicate risk levels associated with medium and high trajectories compared to low reference categories.]
Unadjusted cox proportional hazard models (model 1) revealed significant associations between the hazard of CVD experience and the high trajectory group of the BMI (HR: 2.94, 95% CI: 2.00-4.32) compared to the low trajectory group of BMI in total participant population (Table 3). Results remained unchanged after adjustment for age, physical activity, family history of CVD, menopause, and history of smoking (HR: 2.06, 95% CI: 1.38-3.07). Our results also revealed that there was a significant relation between hazard of CVD experience and high trajectory group of WC in compare with low trajectory group in unadjusted model (HR: 2.31, 95% CI: 1.42-3.75) and adjusted model (HR: 2.71, 95% CI: 1.98-3.70) (Table 3).

The relation between high trajectory groups of CI in compare with low trajectory groups with hazard of CVD incidence was significant in unadjusted (HR: 3.94, 95% CI: 2.81-5.52), and adjusted model (HR: 1.87, 95% CI: 1.26-2.77). We also found that the relation between high trajectory groups of BRI in compare with low trajectory groups with hazard of CVD incidence was significant in unadjusted (HR: 3.00, 95% CI: 2.21-4.06) and adjusted model (HR: 1.55-95% CI: 1.12-2.15) (Table 3).

Table 3 presents the unadjusted and adjusted cox proportional hazard models of CVD incidences and trajectory group of adiposity indices according to the menopausal status of participants. As it shows, after adjustment for age, physical activity, family history of CVD and history of smoking, the HR of CVD incidences for all of trajectories adiposity indices, except BMI, was statistically significant. Adjusted cox proportional hazard models, in those women not reached menopause during study, revealed that the HR (95% CI) of CVD incidences for high trajectory of BMI, WC, CI and BRI were 2.80 (1.86-7.05); 2.09 (1.40-6.16); 1.72 (1.42-5.61), and 3.09 (1.06-9.01), respectively (Table 3). These values for those were menopause at the initiation of the study were 1.40 (1.11, 2.53); 1.65 (1.04-2.75); 1.69 (1.01-2.87), and 1.61 (0.98-2.65), respectively (Table 3).





Discussion

Our study describes the longitudinal patterns of adiposity indices and their association with CVD events among Iranian women in a prospective population-based cohort study. Using longitudinal data across seven visits, we identified three distinct trajectory groups for BMI as low, medium, and high increasing, and two trajectories for CI, WC, and BRI as low and high increasing. In all trajectory groups, adiposity indices changed in unfavorable directions. As expected, the high groups had a significantly higher CVD incidence than the low group, or medium group (for BMI). After stratification for menopausal status, we found that, regardless of menopausal status, the high trajectories of BMI, CI, WC and BRI had a significantly higher CVD incidence than the low group, and it remained significant after further adjustment for age, physical activity, family history of CVD and history of smoking. The increased risk is particularly pronounced in participants who had not yet reached menopause during the study period. All baseline adiposity indices were significantly associated with increased HRs for CVD events in both the total participant group and in all subgroups stratifies by menopausal status. Among these indices, CI was associated with the highest risk of CVD incidence, with each unit increase in CI corresponding to approximately a two-fold increase in CVD incidence.

In our study, we showed that single measurement of adiposity indices at baseline, including BMI, WC, RBI and CI was strongly associated with developing CVD across the time; this risk was more pronounced among individuals with central obesity indices including CI and RBI; for each unit increase in CI, there was an approximately twofold increase in the incidence of CVD. In line with this finding, Nkwana et al. (2021) in a cross-sectional study reported that compared to other central adiposity indices such as A body Mass Index (ABSI), BRI, the CI had the strongest associations with CVD risk factors including insulin resistance, hypertension, and dyslipidemia (7).

However, most studies have only investigated adiposity indices measured at a single point or as an average value over a period, which may not completely capture the longitudinal changes in the risk of CVD events. Single measurements fail to account for the dynamic nature of adiposity and its impact on cardiovascular events over time. It is important to note that individuals identified as obese based on a single measurement may not experience uniform risk of cardiovascular disease (CVD) events, given the variability of their obesity status over time. Therefore, it is crucial to consider the long-term patterns of obesity when assessing CVD risk in individuals. The trajectory of obesity over the lifespan, particularly during critical periods such as reproductive years, menopause transition, and menopause can significantly influence these risks (31). Therefore, it is crucial to consider the long-term patterns of obesity when assessing CVD risk in individuals.

Numerous methodological advancements have emerged to examine the temporal variations of risk factors, including obesity, which has significant implications for cardiovascular disease (CVD) risk stratification. Distinct trajectory modeling techniques offer a dynamic perspective on the heterogeneity within and among individuals regarding health outcome patterns. By employing this approach, researchers can identify subpopulations at elevated risk of unfavorable outcomes, thereby surpassing the limitations inherent to single-measurement evaluations alone. Trajectory modeling provides valuable insights into the intricate interactions between obesity, critical life stages, and CVD risk (32–36).

The longitudinal design of our study allowed for repeated measurements of the variables of interest, enabling us to account for intraindividual changes over time. However, few studies have investigated the longitudinal trajectories of various obesity indices and their impact on cardiovascular disease (CVD) risk, particularly with respect to assigning individuals to unique clusters based on the timing of adiposity changes. Additionally, a significant gap exists in the literature regarding the longitudinal trajectories of novel obesity indices, such as the conicity index (CI), and their relationship to CVD risk, particularly in women based on their menopausal status.

The longitudinal design of our study allowed for repeated measurements of the variables of interest, enabling us to account for intraindividual changes over time. However, few well designed studies have investigated the longitudinal trajectories of various obesity indices and their impact on CVD risks, particularly with respect to assigning individuals to unique clusters based on the timing of adiposity changes. Furthermore, a significant gap exists in the literature regarding the longitudinal trajectories of novel obesity indices such as CI, and their relationship to CVD risk, particularly in women based on their menopausal status.

In this respect, our findings align with previous studies indicating that excess adiposity indices over time could increase the risk of CVD events (14, 37–46). We observed that individuals in the high distinct trajectory groups for BMI, CI, WC, and BRI demonstrated a significantly higher incidence of CVD events compared to those in the low trajectory group. In agreement with our findings, Wang et al. (2020) showed that WC trajectory patterns were associated with altered risk of CVD among Chinese adults (41). Fan et al. reported a positive association between BMI trajectories and incident hypertension (46). Recently, Ding et al. (2023) conducted a population-based, longitudinal study, involving 71,166 Chinese individuals with a median follow-up of 7.93 years, investigating the association of BRI and its longitudinal trajectories with cardiovascular mortality. Their study identified three BRI longitudinal trajectories of low-, moderate-, and high-stable. After adjustment for potential confounders, they found that the HRs for CVD mortality was 1.12 (95% CI: 1.05–1.18) for the moderate-stable group and 1.64 (95% CI: 1.53–1.75) for the high-stable group compared to the low-stable group (45). In another well-designed study, Wu et al. (2022) examined BRI trajectories and their associations with incident CVD events among 59,278 participants. They categorized the BRI trajectories into 4 distinct groups of low-, moderate-, moderate-high-, and high-stable. Following adjustment for potential confounders, individuals in the moderate-stable group exhibited an HR of 1.37 (95% CI: 1.19-1.58) for CVD compared to those in the low-stable group. Similarly, participants in the moderate-high-stable group demonstrated an HR of 1.64 (95% CI: 1.40-1.91), while those in the high-stable group displayed the highest HR of 2.03 (95% CI: 1.64-2.52) for CVD relative to the low-stable group. Their findings indicated a significant association between BRI trajectories and the risk of CVD (43).

Nevertheless, it is imperative to acknowledge that the observed number of trajectories in the existing studies varies from those identified in our present investigation. This disparity may stem from differences in sample size, the inherent heterogeneity within the study population, the duration of observation, the complexity of the employed statistical models, and the specific definition of trajectories. Furthermore, the assignment of individuals to distinct clusters or the consideration of specific time periods during which changes in adiposity occur, along with the adjustment for various covariates, are factors that may contribute to the divergence in trajectory patterns across studies.

Moreover, our study provides novel evidence that, despite the significant association between high trajectories of adiposity indices and increased cardiovascular disease (CVD) risk being consistent across menopausal status, a more pronounced increase in risk is observed among participants who had not yet reached menopause during the study period. It appears that the relationship between obesity and cardiovascular disease (CVD) risk is complex and multifactorial, and may vary depending on a range of factors, including menopausal status, duration of obesity, and the specific CVD outcome being considered; the trajectories of obesity indices and cardiovascular disease (CVD) may change by menopause (47). While some studies have suggested that the increased risk of CVD associated with obesity may be more pronounced among menopausal women, other studies have reported conflicting findings. For example, a recent population-based study found that obesity was associated with a reduced risk of mortality in postmenopausal women, but not in premenopausal women (48). It is possible that the observed paradoxical relationship between menopausal status and the impact of obesity on CVD risk may be due to differences in the underlying mechanisms driving CVD risk in pre- and postmenopausal women. For example, premenopausal women may have a higher baseline level of estrogen, which has been shown to have a protective effect against CVD. Therefore, the loss of this protective effect during menopause may contribute to the observed increase in CVD risk among postmenopausal women. Moreover, menopause is associated with increased abdominal and visceral obesity, which increases cardiometabolic risk and mortality. Nonetheless, we posited that subjects who underwent menopause prior to the commencement of the study or attained menopause during the follow-up period had likely encountered the detrimental consequences pertaining to both menopause and obesity on CVD risk. Contrarily, our observations indicated that the risk of CVD was markedly amplified amongst female young premenopausal adults who had not yet attained menopause, thus having evaded the adversarial impacts of menopause on CVD, whilst simultaneously encountering progressive weight gain and central obesity. As a result, female young adults exhibiting such trajectories were more prone to developing CVD events.

The strengths of this study should be addressed. The long-term prospective design, which involved a large, population-based cohort, rigorous follow-up procedures, the utilization of accurate and valid data, along with adjustment for a wide range of potential confounders are the main strengths of this study. Moreover, our study also employed multiple measurements collected over time across seven visits, rather than relying on a single measurement at a specific life stage, which allowed us to utilize the trajectory approach, enhancing accuracy and capturing dynamic changes in adiposity over the study period. No other studies investigated the influence of CI trajectories on CVD over an extended follow-up period involving seven subsequent examinations, as was done in our study. Additionally, restricting our population to only female participants, as an important source of heterogenicity in population, enabled us to uncover nuanced trajectory patterns that manifest over extended periods. This approach also allowed us to evaluate the influence of menopause on these trajectories.

The study has some limitations as well. Primarily, our study included only women completed all seven follow-ups of the TLGS, leading to the exclusion of a considerable number of female participants from the TLGS cohort. However, using this approach helped us to provide to provide greater accuracy and less bias in terms of the obtained trajectories (27–29). Nonetheless, as we showed, there were no statistically significant difference between baseline characteristics between the study participants who were excluded and those who were included. The generalizability of our study findings to other populations may be limited due to the specific Persian heritage of the study group. In addition to adjusting for multiple covariates, residual confounding remains a potential concern. The role of life style modifiers have not been considered in present study. We did not evaluate alternative robust adiposity indices, such as dual-energy x-ray absorptiometry (DXA)-derived body composition metrics, magnetic resonance imaging (MRI)-measured adipose tissue depots, and bioelectrical impedance analysis (BIA)-estimated lean and fat masses. These indices could potentially yield complementary information about the link between obesity and CVD risk. Furthermore, the menopausal age was self-reported; however, we confirmed the reliability of the data on menopausal age by asking the women the same questions 3 years later; therefore, the effect of recall error is minimal.

In conclusion, using population-based data over a median follow-up period of 16 years, we identified multi-trajectory groups for BMI, WC, CI, and BRI groups in the Iranian women and examined associated risks of CVD events. The high increasing trajectories of BMI, WC, BRI, and CI groups were associated with higher risks of CVD incidence than the low group regardless of menopause status of women. Among these indices, CI was associated with the highest risk of CVD incidence. The increased risk was more evident among participants who had not reached menopause during the study period. Further research is needed to fully elucidate the underlying mechanisms driving these observed differences in CVD risk between pre- and postmenopausal women. Considering the unique changes in body composition and fat distribution that occur throughout the lifespan, investigating the longitudinal trajectories of the CI may provide valuable insights for developing targeted prevention and intervention strategies.
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Objective

The current study aimed to assess the relationships between oxidative balance score (OBS) and OBS subclasses (dietary and lifestyle OBS) with risks of hyperuricemia (HUA) and gout among American adults.





Methods

Participants in the National Health and Nutrition Examination Survey from 2007 to 2018 were initially recruited and then the final sample was restricted to adults without missing values about serum uric acid, gout, OBS, and covariates. Rao-Scott adjusted chi-square test and analysis of variance were utilized to compare the baseline characteristics in adults of different quartiles of OBS, while the weighted stepped logistic regression models were used to explore the associations of overall, dietary, and lifestyle OBS with the risks of HUA and gout. Weighted restricted cubic spline analyses were conducted to explore the nonlinear dose-response associations.





Results

The final sample consisted of 22,705 participants aged 20 years and older, which was representative of approximately 197.3 million non-institutionalized American adults. HUA and gout prevalence decreased with OBS quartiles. Compared with adults in the first quartile of OBS, those in the second (OR: 0.85, 95% CI: 0.72–0.99), third (OR: 0.71, 95% CI: 0.58–0.85), and fourth (OR: 0.48, 95% CI: 0.38–0.61) quartiles of OBS had reduced risks of hyperuricemia. Similarly, adults in the second (OR: 0.70, 95% CI: 0.51–0.97) quartile of OBS was associated with lower gout risk in comparison to adults in the lowest quartile. Regarding OBS subclasses, dietary and lifestyle OBS were both negatively correlated with the risk of HUA, and only higher lifestyle OBS was significantly associated with lower gout risk. Furthermore, the subgroup analyses and interaction effects also substantiated similar effects. Significant nonlinear dose-response relationships were observed between overall, dietary, and lifestyle OBS with HUA risk as well as that of lifestyle OBS with gout risk.





Conclusion

This study strongly suggests the significant negative associations of OBS with HUA and gout in American adults and provides a dietary and lifestyle guideline to reduce the risks.
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1 Introduction

Gout, characterized by the accumulation of monosodium urate crystals in joints and other structures, is the most common form of inflammatory arthritis, and the primary risk factor is the increased concentration of serum uric acid [hyperuricemia (HUA)] (1). The presence of gout and HUA is frequently associated with various cardiometabolic and renal comorbidities, resulting in a decline in quality of life and substantial treatment expenditures (2–4). It was reported that the prevalence of gout among American adults remained stable between 2007 and 2016, with 3.9%, 5.2%, and 2.7% among adults, male adults, and female adults in 2015–2016 (5). Moreover, HUA prevalence rates were 20.2% and 20.0% among American men and women, with the prevalence being stable between 2007 and 2016. A systematic analysis about healthy life expectancy for the Global Burden of Disease Study 2017 identified that gout contributed to 1.28 million disability-adjusted life years globally (6). Except for the overwhelming studies suggesting the elevated risks of cardiovascular disease (CVD) and chronic kidney disease (CKD) in patients with gout, several studies demonstrated the significant associations of gout with hypertension and diabetes (7–12).

Oxidative stress could result in a disruption of redox signaling pathways and relevant molecular damage, the definition of which is based on the imbalance between oxidants and antioxidants in favor of the oxidants (13). Oxidative balance score (OBS), firstly developed in 2002 and limited by previous literature about oxidants, only consisted of beta-carotene, vitamin C, and iron (14). With further explorations of studies about the antioxidant and oxidant properties in nutrients, lifestyle, and biomarkers, 21 different kinds of OBS were established and updated before 2019 (15). OBS in our study consisted of 16 dietary and 4 lifestyle antioxidants and oxidants to determine individual exposures to oxidants and antioxidants, with higher OBS indicating lower exposure to oxidants and higher exposure to antioxidants (16). In comparison with a single biomarker such as reactive oxygen species and thioredoxin-interacting protein, OBS is a quantified index that greatly improves the identification of individual oxidative stress level, with higher simplicity and comprehensibility (16). Furthermore, OBS has been proven to be linked to oxidative stress level in studies concerning adults in the United States, suggesting the validity of OBS in American adults (17, 18).

Uric acid is pro-oxidant, but it also has antioxidant properties, and the relationship between uric acid and oxidative stress is still under debate. The purine catabolism generates uric acid and product reactive oxygen species (ROS) to regulate the cell signaling pathways and cell redox state in which xanthine oxidoreductase is both involved, indicating the possible correlations of uric acid and oxidative stress (19, 20). Moreover, researchers found that the control of the inflammasome and pro-inflammatory cytokine release is strongly associated with the molecular mechanism under gouty inflammation. As a result, several emerging studies have proposed the novel hypothesis concerning uric acid and metabolic syndrome, in which increased oxidative stress was identified as a pathophysiological mechanism (21, 22). Urate was found to release free radicals and deactivate innate antioxidant enzymes to exacerbate oxidative stress (23). In addition, HUA can trigger inflammation during the pathogenesis of acute gout as nucleotide oligomerization domain-like receptor thermal protein domain-associated protein 3 (NLRP3) inflammasome and interleukin were activated (24, 25). Meanwhile, the inflammation and oxidative stress induced by HUA was found to be alleviated by the inhibition of NLRP3 inflammasome, which provides a potential therapeutic pathway to decrease uric acid and alleviate the syndrome of HUA (26). To our knowledge, no previous studies have assessed the associations of OBS and HUA with gout. Therefore, we aimed to explore the associations of OBS with HUA and gout in U.S. adults, as well as in various demographic subgroups with the National Health and Nutrition Examination Survey (NHANES).




2 Materials and methods



2.1 Study populations

NHANES is a population-based survey to assess health and nutrition status in the U.S. non-institutionalized populations, in which data were collected every 2 years as a cycle. Complex, multistage, probability sampling design, and oversampling of different subpopulations are adopted to make the participants in a 2-year survey representative for the national non-institutionalized population.

In the current study, we included 31,240 adults aged 20 years and older without missing values of uric acid and self-reported gout in six cycles from NHANES 2007–2008 to 2017–2018. Detailed information of sampling and inclusion and exclusion criteria is shown in Figure 1. Adults without two dietary recalls (n = 5,755) and total energy intake >6,000 or <500 kcal per day (n = 134) were excluded. Furthermore, we excluded pregnant adults (n = 275) and adults without information on serum cotinine (n = 11), body mass index (BMI, n = 238), education (n = 23), family income (n = 2,091), and marital status (n = 5). After excluding participants without detailed information on CVD (n = 2) and CKD (n = 1), the final sample included 22,705 adults.

[image: Flowchart depicting the selection process for a sample from NHANES datasets from 2007 to 2018. Initially, 59,842 participants were considered. Exclusions were made for age, missing uric acid, and gout values, reducing the sample to 31,240. Further exclusions for dietary recalls, energy intake, serum cotinine, and BMI narrowed it down to 25,102. Pregnant individuals and those with incomplete data on education, income, and marital status were also excluded, leaving 22,708 participants. Finally, exclusions for incomplete chronic kidney and cardiovascular disease data resulted in a final sample of 22,705.]
Figure 1 | The flowchart of the sample design. NHANES, National Health and Nutrition Examination Survey.




2.2 Exposures

OBS in the current study was established by Zhang et al. and has been validated by multiple studies (see Supplementary Table S1) (16). OBS subclasses included dietary and lifestyle OBS, and the latter consisted of BMI, physical activity, alcohol consumption, and smoking status (measured by serum cotinine) while the former was composed of 16 dietary nutrients intake such as fiber and carotene. In addition, 20 components were further classified into pro-oxidants (total fat, iron, alcohol consumption, BMI, and smoking status) and antioxidants (the other 15 components) by the oxidative properties. Dietary nutrients and alcohol intakes were assessed using the mean of two 24-h dietary recalls. BMI was calculated as weight (kilograms) divided by height (meter) squared, and smoking status was assessed by cotinine but not nicotine since the half-life of cotinine in plasma is substantially longer than that of nicotine. Physical activity was determined by leisure-time physical activity (LTPA), which is calculated as the duration of moderate physical activity plus double the duration of vigorous physical activity according to the physical activity guidelines for Americans (27). Since the tertiles of OBS components varied greatly in sex, OBS components were stratified to sex and scored from 0 to 2 on the basis of tertiles. The highest tertile of oxidants was scored 0 and the lowest tertile was scored 2 while the scoring method of pro-oxidants was just the opposite, suggesting that OBS is in favor of antioxidants and lower OBS indicates higher exposure to oxidants. For the convenience of further comparisons, we categorized OBS into quartiles, and set the lowest quartile as the reference group for subsequent weighted stepped logistic regression models.




2.3 Assessment of covariates

Similar to our previous studies, covariates of interest consisted of demographic variable, dietary confounding factors, and comorbidities. Demographic variables were composed of sex (male and female), age group (20–39 years, 40–59 years, and 60–80 years), race (non-Hispanic White, non-Hispanic Black, Mexican Americans, and other races), education level (less than high school degree, high school graduate or general educational development, and some college or above), the ratio of family income to poverty (PIR) (the measurement of family income level: low, PIR ≤ 1.3; medium, 1.3 < PIR < 3.5; high, PIR ≥ 3.5), and marital status (married or living with partner; divorced, separated, or widowed; and never married). Dietary confounding factors consisted of healthy eating index-2015 (HEI-2015) and total energy intake (expressed as kilocalories per day) to eliminate the effect of energy intake and diet quality, which, as assessed by HEI-2015, has been found to be negatively associated with the risks of HUA and gout in our previous study (28). Comorbidities included multiple chronic non-communicable diseases such as hypertension, CVD, diabetes, and CKD on account of the positive associations with HUA and gout. The diagnostic criteria of comorbidities were based on blood pressure measurements, biochemical indicators, and self-report by a professional doctor, and detailed information could be obtained in our previous studies (29–32).




2.4 Outcome ascertainment

The serum uric acid concentration was measured using a timed endpoint method, where uric acid was oxidized by uricase to produce allantoin and hydrogen peroxide. The calculation of uric acid was based on the absorbance, the change of which is directly proportional to the concentration of serum uric acid. The laboratory procedure manual of standard biochemistry profile presented detailed information about the test principle and clinical relevance. HUA was defined as the serum concentration of uric acid >7.0 and >5.7 mg/dL in male and female adults, while gout was defined as self-report of being diagnosed by a professional doctor in medical condition questionnaires (28, 33).




2.5 Statistical analysis

Proper weights (dietary 2-day sample weight, WTDR2D), clustering, and stratification were considered according to analytic guidelines released by the Centers for Disease Control and Prevention. Moreover, the final sample in our study consisted of six consecutive cycles; thus, we utilized WTDR2D divided by 6 as the final weight to make it representative of the national non-institutionalized population (34).

Statistical descriptions involved presenting continuous variables as weighted means (standard deviations) and categorical variables as numbers (weighted percentages). To compare the characteristics between adults of different OBS quartile groups, Rao-Scott-adjusted chi-square tests and analyses of variance were used. Weighted logistic regression models, both univariate and multivariate, were utilized to explore the relationship between OBS and HUA with gout in the general population. Model 1 was adjusted for demographic variables, and model 2 was additionally adjusted for dietary confounding factors while model 3 as the fully adjusted model was additionally adjusted for comorbidities based on model 2. Moreover, weighted stepped logistic regression models of gout were additionally adjusted for HUA. OBS subclasses as dietary and lifestyle OBS were separately analyzed to explore the associations with HUA and gout. Furthermore, trend tests (p for trend) were conducted by treating the OBS quartiles as a continuous variable and re-running the corresponding logistic regression models. Stratified analyses were performed to investigate whether the associations varied by demographic variables and interaction effects were tested with likelihood tests. Weighted restricted cubic splines (RCS) were employed to assess the nonlinear and dose–response correlations of overall, dietary, and lifestyle OBS with HUA and gout.

R software (version 4.2.2) was used for analyses of variance and all other statistical analyses were conducted in Stata software (version 17.0, StataCorp LLC). All statistical tests were two-sided, and a significance level of α = 0.05 was considered.





3 Results



3.1 Characteristics

Characteristics in adults of different OBS quartiles are shown in Table 1. The final sample included 22,705 American adults representative for 197.3 million non-institutionalized U.S. adults [mean (SD) OBS, 20.42 (7.27); 10,964 (weighted 48.4%) men; 10,195 (weighted 68.3%) non-Hispanic White; 4,918 (weighted 20.6%) HUA; 1,102 (weighted 4.1%) gout]. In comparison with adults in the lowest quartile of OBS, those in higher quartiles of OBS were more likely to be young, non-Hispanic White, and married or living with partner. Meanwhile, adults in higher quartiles of OBS were less likely to be comorbid with hypertension, CVD, diabetes, CKD, HUA, and gout. Moreover, adults in higher quartiles of OBS had a higher education level, income level, total energy intake, and HEI-2015 scores. Nevertheless, no significant differences of OBS were found between male and female adults.

Table 1 | The characteristics by quartiles of the OBS.


[image: Table showing the distribution of various characteristics across four quartiles. Categories include sex, age group, race, education level, family income, marital status, and health conditions like hypertension and diabetes. Each category is detailed by percentages and frequency, with overall figures and specific data for each quartile, along with p-values indicating statistical significance.]



3.2 Associations between overall OBS with HUA and gout

Weighted stepped logistic regression models in Table 2 revealed that higher OBS quartiles were associated with lower risks of HUA and gout. Specifically, the second (OR: 0.85, 95% CI: 0.72–0.99), the third (OR: 0.71, 95% CI: 0.58–0.85), and the highest quartiles (OR: 0.48, 95% CI: 0.38–0.61) of OBS were associated with lower risks of HUA in model 3 when compared with the lowest quartile. Furthermore, adults in the second quartile of OBS had 30% (OR: 0.70, 95% CI: 0.51–0.97) reduced risk of gout, but adults in the third and highest quartiles did not show significant lower risks in comparison with the lowest quartile.

Table 2 | The relationship between OBS and HUA with gout.


[image: Table presenting OBS and p-values for oxidative balance score across three models for HUA and Gout. Models one to three show adjustments for demographic data, energy intake, and disease conditions. Notable values: Q2, Q3, Q4 with respective p-values for trend, highlighting significant findings in HUA models (<0.001) and moderate significance in Gout models (0.06, 0.12).]



3.3 Associations of dietary and lifestyle OBS with HUA and gout

To assess the independent effect of OBS subclasses, dietary and lifestyle OBS were included separately in the weighted stepped logistic regression models and the results are shown in Table 3. After multivariate adjustments, adults in the highest quartile of dietary OBS had 29% (OR: 0.71, 95% CI: 0.57–0.89) reduced HUA risk in comparison with the lowest quartile. Moreover, adults in the second, third, and highest quartiles of lifestyle OBS had 29%, 45%, and 65% lower risk of HUA, and the OR and 95% CI were 0.71 (0.62–0.80), 0.55 (0.48–0.64), and 0.35 (0.30–0.42), respectively. Gout risks did not differ by quartiles of dietary OBS in all models, but adults in the second, third, and highest quartiles of lifestyle OBS had 28%, 35%, and 45% reduced gout risk in model 3, and the OR and 95% CI were 0.72 (0.55–0.94), 0.65 (0.45–0.94), and 0.55 (0.41–0.75), respectively.

Table 3 | The relationship between dietary OBS and lifestyle OBS with HUA and gout.


[image: Table comparing dietary and lifestyle oxidative balance scores (OBS) in relation to hyperuricemia (HUA) and gout, across three models. Each model adjusts for various demographic and health factors. The table provides quartile references, confidence intervals, and p-values for trend. Results indicate varying impacts of OBS on HUA and gout across quartiles, with lower quartiles generally showing reduced odds ratios for both conditions.]



3.4 Subgroup analyses and interaction effects of the relationships between OBS and HUA according to demographic variables

Table 4 reveals the associations between OBS and HUA in demographic subpopulations. The significant negative associations of OBS quartile and the risk of HUA were identified in various subpopulations except for Mexican Americans and divorced, separated, or widowed adults. In addition, a significant interaction effect of education level and OBS on the HUA risk was discovered (p = 0.01), and no other interaction was inferred, shown as higher education in the same quartile of OBS being correlated with reduced ORs. In other words, the protective effect of OBS against HUA risk was the best among adults with higher education level.

Table 4 | The relationship between OBS and HUA in demographic subgroups.


[image: Table displaying characteristics and adjusted odds ratios across quartiles (Q1, Q2, Q3, Q4) for various demographics: sex, age, race, education, income, and marital status. P-values for trends and interactions are provided. Notable trends include significant p-values (less than 0.05) for sex, age group, race, education level, income level, and marital status. The table notes adjustments for demographic data, energy intake, and disease conditions.]
Since only higher lifestyle but not dietary OBS quartiles were found to be correlated with lower gout risks, we performed the subgroup analyses and tested the interaction effect on the associations of lifestyle OBS with gout in Table 5. Except for young adults, Mexican Americans, low and medium family income level, and divorced, separated, or widowed adults, the negative relationships between lifestyle OBS and gout risk were significant in various subgroups. Moreover, no significant interaction effects were observed, indicating that the correlations between lifestyle OBS and gout risks did not differ by demographic variables.

Table 5 | The relationship between lifestyle OBS and gout in demographic subgroups.


[image: A table displays odds ratios and confidence intervals for various demographic and socioeconomic characteristics across four quartiles (Q1 to Q4), including sex, age group, race, education level, income level, and marital status. It also includes p-values for trends and interactions. The data is adjusted for demographic factors and health conditions like hypertension, diabetes, and more, as noted in the footnote.]



3.5 Nonlinear dose–response relationships of OBS, dietary OBS, and lifestyle OBS with HUA and gout

Weighted RCS were employed to assess the nonlinear dose–response relationships of overall, dietary, and lifestyle OBS with the risks of HUA and gout, and the results are shown in Figure 2. Figures 2A–C show the significant nonlinear correlations of overall, dietary, and lifestyle OBS with HUA risks, in which higher OBS indicated lower ORs. In addition, Figures 2D–F show the associations of overall, dietary, and lifestyle OBS with gout risks. Specifically, only the significant nonlinear association of lifestyle OBS with gout risk was observed, and higher lifestyle OBS suggested reduced ORs of gout when it was relatively high.

[image: Six line graphs illustrate the odds ratio (OR) and 95% confidence intervals (CI) for hyperuricemia and gout based on OBS, dietary OBS, and lifestyle OBS. Graphs A, B, and C focus on hyperuricemia, while graphs D, E, and F address gout. Each graph shows a blue line indicating the OR and a gray shaded area representing the 95% CI. The p-values for nonlinearity are provided, with most graphs showing significant nonlinearity (p < 0.001) except for graphs D and E, which show higher p-values, indicating less nonlinearity.]
Figure 2 | Nonlinear associations of overall, dietary, and lifestyle OBS with HUA and gout risks. (A) OBS and hyperuricemia; (B) dietary OBS and hyperuricemia; (C) lifestyle OBS and hyperuricemia; (D) OBS and gout; (E) dietary OBS and gout; (F) lifestyle OBS and gout. Multivariate adjustments included demographic variables, total energy intake per day, HEI-2015, and comorbidities; HUA, hyperuricemia; OBS, oxidative balance score; RCS, restricted cubic splines.





4 Discussion

Through our final sample from NHANES 2007–2018 and multiple statistical methods, we found the strong negative associations of overall, dietary, and lifestyle OBS with HUA risk. Nevertheless, no significant reduced gout risk of higher dietary OBS quartiles were shown while higher overall OBS and lifestyle OBS were correlated with decreased gout risk. Moreover, the relationship between OBS and HUA risk and the association of lifestyle OBS with gout risk were stable in various demographic subgroups, suggesting the robustness of our results. Furthermore, weighted RCS indicated the nonlinear association of overall, dietary, and lifestyle OBS with HUA risk, as well as the correlation between lifestyle OBS and gout risk.

OBS in the current study, unlike other indices that consisted of antioxidant or pro-oxidant biomarkers, was composed of 16 dietary and 4 lifestyle factors and was utilized to reflect the individual oxidative stress level. Compared with other kinds of OBS including biochemical indicators, the current OBS is not only an index but also a dietary and lifestyle guideline, in which antioxidant dietary factors and lifestyles such as dietary fiber intake and physical activity are encouraged while pro-oxidant dietary factors and lifestyles like dietary total fat and alcohol intake are discouraged. OBS was established to reflect the oxidative stress and explore the associations of oxidative stress and leukocyte telomere length, and the results revealed the negative relationships in female adults, consistent with previous experiments and reviews (35–38). Furthermore, two epidemiological studies concerning NHANES databases assessed the relationships between OBS and cognitive function with depression symptoms in which oxidative stress serves a mediation role, indirectly demonstrating the significant associations between OBS and oxidative stress (17, 18).

Multiple studies have assessed the association between uric acid and oxidative stress and found the dual action of uric acid, specifically manifesting as having both oxidant and antioxidant properties. It has been found that high levels of serum uric acid may contribute to the pro-oxidative and pro-inflammatory state (22). Furthermore, the correlation of oxidative stress with inflammation is bi-directional, in which the NLRP3 inflammasome could be activated by the accumulation of mitochondria that produce ROS, and high uric acid increased oxidative stress measured by thioredoxin-interacting protein that acts by inhibiting thioredoxin activity (38–40). Furthermore, oxidative stress and inflammation were both involved in the typical impairments resulting from asymptomatic HUA, and our results on the correlation between OBS and HUA risk confirm the potential oxidative stress and inflammation mechanism (28). For example, uric acid was thought to increase the production of ROS in mitochondrion and then lead to higher oxidative stress level, while HUA activated NLRP3 to trigger oxidative stress during the pathogenesis of acute gout (41, 42). Xanthine oxidase, the enzyme that catalyzes the formation of uric acid, was thought to help in inhibiting the adverse effect of ROS by providing a crucial source of nitric oxide, suggesting the negative association between uric acid and oxidative stress (43, 44). Even so, more studies concluded that uric acid contributed to an elevated oxidative stress level regardless of xanthine oxidoreductase activity and was thought to induce oxidative stress (45, 46). To sum up, our results confirm the significant negative associations of OBS with HUA and gout risks, indicating the significant positive associations of oxidative stress with HUA and gout risks, which is acknowledged by the scientific community.

Further analyses of OBS subclasses demonstrated the significant negative associations of dietary and lifestyle OBS with HUA. Multiple dietary nutrient intake including B group vitamins, such as vitamin B6, vitamin B12, and folate, and other nutrients such as fiber, retinol, zinc, magnesium, vitamin C, and vitamin E has been proven to be negatively correlated with HUA risk, while dietary fat intake is suggested to be positively related to HUA risk in men with CKD (47–54). Nevertheless, dietary OBS was significantly associated with HUA but not gout, and more high-quality studies such as randomized controlled trials and prospective cohort studies are urged to verify the validity of our results and explore possible mechanisms. After consulting the relevant literature, we found that most studies focus on specific foods, diet patterns, and diet quality, but the significant association of nutrient intake with gout risk is rarely reported, indicating that the existence of a potential molecular mechanism of nutrient intake in the progression from HUA to gout leads to the significant association of dietary OBS with HUA but not gout. Lifestyle OBS is a factor related to HUA and gout, in which cohort studies and a randomized controlled trial have suggested the protective role of physical activity (55–57). Alcohol consumption and smoking have been recognized as significant risk factors for HUA and gout, and greater BMI increases the risk of HUA and gout (58–62).

The results of subgroup analyses, interaction effects, and weighted RCS and WQS regression models revealed the robust and negative associations of OBS with HUA risk as well as that of lifestyle OBS with gout risk. Moreover, adults with more than high school degree had the lowest HUA risk, which is different from our previous studies (28). As shown in weighted RCS models, nonlinear correlation persisted between overall, dietary, and lifestyle OBS with HUA risk, indicating that HUA risk did not decrease with OBS in a linear manner. Taking the slope into account, the dose–response curve was steeper between lifestyle OBS and HUA risk than that between OBS and dietary OBS and HUA risk, and the protective role of OBS and dietary OBS at a relatively low level against HUA did not exist in comparison with the lowest score. Furthermore, only a nonlinear association of lifestyle OBS with gout risk was observed. Specifically, the dose–response curves were steeper when OBS and dietary OBS were relatively high, indicating that small efforts of adults with relatively higher OBS and dietary OBS could bring huge reduced risks of HUA. Meanwhile, the dose–response curves of OBS and dietary OBS with HUA risk were moderate and not significant, encouraging adults to obtain higher OBS and dietary OBS score to reduce HUA risks. Furthermore, we conducted five sensitivity analyses to test the stability of our results, which are shown in Supplementary Table S2.

The major advantage of the current study is that the final sample was derived from a nationally representative large-scale survey and the combination of data in six cycles, which increased the sample size and expanded the generalizability of our findings. Furthermore, the employment of subgroup analyses and interaction effects identified the associations in subpopulations and enhanced the robustness. Finally, weighted RCS models illustrated the comprehensive and intuitive nonlinear dose–response curves. Nevertheless, several limitations in our study must be pointed out. Firstly, no causalities but only associations were determined in this study since the original data were from the cross-sectional study. Secondly, more prospective and high-quality studies are essential to evaluate the effectiveness of OBS on oxidative stress. Subsequently, gout and some covariates were based on self-report but not medical records or medication, diminishing the credibility of relevant information. Finally, quartiles of OBS were generated and utilized in the statistical analyses, weakening the comparability to other specific populations.
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Background

Microvascular complications are long-term complications that affect small blood vessels, usually developed in diabetes, and are primary causes of end-stage renal disease, several painful neuropathies, and blindness. Thus, this study aimed to determine diabetic microvascular complications and factors associated with them among patients with type 2 diabetes.





Methods

An institution-based cross-sectional study was conducted among 378 type 2 diabetes patients. The presence of at least one diabetic microvascular complications diagnosed by physicians and found on the record was considered to have microvascular complications. The data was collected by reviewing the medical records of T2DM patients who were on follow-up from January 1, 2012, to December 31, 2021. The collected data was entered into EpiData version 3.1 and analyzed by Stata version 14. Bivariate and multivariable logistic regression were used to identify statistically significant risk factors for diabetic microvascular complications at p-value < 0.05.





Results

Patients with type 2 diabetes mellitus had a prevalence of diabetic microvascular complications of 26.5% (95% CI: 22.0%, 30.9%). Diabetic neuropathy was the highest (13.2%), followed by diabetic nephropathy (12.4%), and diabetic retinopathy (6.4%). Increasing age, poor glycemic control, hypertension comorbidity, anemia, positive proteinuria, a longer duration of type 2 diabetes mellitus, and hypercholesterolemia were significantly associated factors with diabetic microvascular complications.





Conclusion

Diabetic microvascular complications were highly prevalent. Therefore, the study suggests that interventional strategies should be taken for poor glycemic control, hypertension comorbidity, anemia, positive proteinuria, and hypercholesterolemia to control the development of diabetic microvascular complications in patients with type 2 diabetes.





Keywords: microvascular complications, prevalence, associated factors, T2DM, southern Ethiopia




1 Introduction

Diabetes mellitus (DM) is a chronic metabolic disease characterized by elevated levels of blood sugar, which over time leads to serious damage to the heart, blood vessels, eyes, kidneys, and nerves (1). It is found worldwide in every population in all regions, and its prevalence is continuously increasing (2). According to the International Diabetes Federation, in 2021, the prevalence of people living with diabetes was estimated at 537 million, or 10.5% of the global adult population aged 20–79 years, and it is projected to rise to 783 million in 2045 (3). Type 2 diabetes mellitus (T2DM) is the most common and accounts for more than 95% of people with diabetes (1, 4, 5). Globally, the rising tide of physical inactivity, energy-dense diets, and obesity has resulted in an unprecedented increase in the number of patients with T2DM (6).

The development of diabetic microvascular complications is significantly impacted by the rising prevalence of diabetes and the increase in life years spent with it. In addition to this, it places a huge burden on almost every health care system, both societal and financial (7). T2DM and its complications have made a significant global contribution to the burden of death and disability (8). Microvascular complications are long-term complications that affect small blood vessels, usually developed in diabetes. These typically include diabetic nephropathy, diabetic neuropathy, and diabetic retinopathy and are primary causes of end-stage renal disease, several painful neuropathies, and blindness respectively (9, 10). It also lowers the standard of living and increases medical expenses for T2DM patients (11, 12).

Microvascular complications are present in half of patients with T2DM (8). In previous studies conducted, the prevalence of microvascular complications was 18.0%-57.5% in Asia (13–16), 34.3%-48.4% in the Middle East (17–19), 47.8% in Nigeria (20), and 19.5%-42.6% in Ethiopia (21–26). Duration of diabetes, hypertension, triglycerides, age, dyslipidemia, poor glycemic control, sex, systolic blood pressure, and positive proteinuria were commonly associated factors with the development of diabetic microvascular complications in previous studies (13, 14, 16, 17, 21, 22, 24–27). Early detection of diabetic microvascular complications in patients with T2DM is important. In Ethiopia, complications from diabetes are a leading cause of morbidity and mortality, which has a knock-on effect on the economy (28). Even if studies have been conducted, diabetic microvascular complications continue to be a public health problem, and the significantly associated factors also vary in study settings. Thus, this study aimed to determine diabetic microvascular complications and factors associated with them among patients with type 2 diabetes at Hawassa University Comprehensive Specialized Hospital, Southern Ethiopia.




2 Materials and methods



2.1 Study setting and period

The study was conducted at Hawassa University Comprehensive Specialized Hospital from January 1, 2012, to December 31, 2021. The hospital is located in Hawassa town, 278 kilometers from Addis Ababa, the capital city of Ethiopia. Hawassa University Comprehensive Specialized Hospital is the biggest hospital in southern Ethiopia, providing services like emergency, orthopedic, neonatal, ophthalmic, and medical referral clinic for more than 20 million people.




2.2 Study design and population

Institution based cross-sectional study was conducted. The source population was all T2DM patients who were attending the diabetic follow-up clinic at Hawassa University Comprehensive Specialized Hospital. All selected newly diagnosed T2DM patients who were enrolled from January 1, 2012, to December 31, 2021, were part of the study population.




2.3 Sample size determination and sampling technique

The sample size was calculated by using the formula to estimate a single population proportion with the assumptions of a 95% confidence interval Zα/2 = 1.96, proportion (P) = 37.9% from a previous study conducted on the prevalence of microvascular complications (24), margin of error (d) = 0.05, and a 10% non-response rate.

[image: Formula for calculating sample size: n equals (Z alpha divided by 2 squared) times p times (1 minus p) divided by d squared. Substituted values: (1.96 squared) times 0.379 times 0.621 divided by 0.05 squared equals 362.]	

By adding 10%, the final sample size was 398.

Study participants were selected by a simple random sampling technique.




2.4 Study variables

Dependent variable.

Microvascular complications.

Independent variables.

Socio-demographic variables (age, sex, residence), clinical and treatment-related variables (anemia, hypertension, duration of diabetes, family history of diabetes mellitus, proteinuria, fasting blood sugar (FBS), high density lipoprotein (HDL), low density lipoprotein (LDL), total cholesterol, triglyceride, and type of anti-diabetic medication).




2.5 Operational definition

Microvascular complications: The presence of at least any one of the following diabetic microvascular complications: diabetic nephropathy, diabetic neuropathy, and diabetic retinopathy, diagnosed by physicians and found on the record. The absence of any diabetic microvascular complications was taken as no microvascular complications.

Hypertension defined as an average systolic blood pressure ≥140 mmHg, or diastolic blood pressure ≥ 90 mmHg, or both, or are on prescription medication for hypertension (29, 30).




2.6 Data collection tools and procedures

The data extraction checklist had socio-demographic, clinical, and treatment-related factors. The tool was developed after reviewing different literature. The data was collected by reviewing the medical records of T2DM patients who were on follow-up from January 1, 2012, to December 31, 2021. Three nurses collected the data, which was facilitated by one supervisor.




2.7 Data quality control

One day of training was given to data collectors prior to actual data collection on how to retrieve records and the objective of the study. A pretest using 5% of the sample size was conducted on the same setting, and based on the result of the pretest; an adjustment was made to the data extraction checklist. During data collection, the extracted data were checked for completeness and consistency, and corrections were made accordingly.




2.8 Data analysis

The collected data was entered, coded, edited, and cleaned using EpiData version 3.1 and exported to Stata version 14 for analysis. Descriptive statistics, including frequencies with percentage, mean with standard deviation, and median with interquartile range were performed. A bivariate logistic regression analysis was performed between dependent and independent variables. A variable in bivariate analysis with a p-value < 0.25 was used as a candidate for multivariable logistic regression analysis. In multivariable logistic regression analysis, a p-value < 0.05 was considered statistically significant. Model was built by backward stepwise elimination. Multicolinearity was checked using the variance inflation factor with a mean cutoff value < 5. The model adequacy was checked by using the Hosmer and Lemeshow goodness of fit test, which had a P value > 0.05.





3 Results



3.1 Study participant characteristics

A study included a total of 378 T2DM patients, with a response rate of 94.97%. The study participants mean age was 49.5 years, with a standard deviation (SD) of ± 12.7 years. Two hundred ninety (76.72%) of the respondents were urban residents. More than four out of ten (44.44%) participants have hypertension, and 148 (39.15%) had a family history of T2DM. Of the study participants, nearly one-fourth (27.78%) of their HDL was less than 40 mg/dl. More than half (57.14%) of the participants used oral hypoglycemic agents (Table 1).

Table 1 | Study participant characteristics of patients with type 2 diabetes in Southern Ethiopia (n=378).


[image: Table showing demographic and medical data of participants. Mean age is 49.5 years. Males: 54.76%, females: 45.24%. Urban residents: 76.72%. Median fasting blood sugar: 170.5 mg/dl. Hypertension: 44.44%. Family history of T2DM: 39.15%. Anemia: 4.50%. Positive proteinuria: 21.69%. Duration of T2DM under five years: 61.11%. Triglycerides under 150 mg/dl: 59.26%. HDL over 40 mg/dl: 72.22%. LDL under 100 mg/dl: 68.52%. Total cholesterol under 200 mg/dl: 65.61%. Treatment with oral agents: 57.14%.]



3.2 Diabetic microvascular complications and associated factors

According to this study, diabetic microvascular complications in patients with T2DM were 26.5% (95% CI: 22.0%, 30.9%). Diabetic neuropathy was the highest (13.2%), followed by diabetic nephropathy (12.4%), and diabetic retinopathy (6.4%). In bivariate logistic regression analysis, age, residence, FBS, hypertension, anemia, positive proteinuria, duration of T2DM, triglyceride, HDL, LDL, and total cholesterol were factors significantly associated at a p-value of 0.25. But, after adjusting for other variables in multivariable logistic regression, age, FBS, hypertension, anemia, positive proteinuria, duration of T2DM, and total cholesterol were statistically and significantly associated factors with diabetic microvascular complications in patients with T2DM. For each one year increases in age, the odds of developing microvascular complications increase by 4% (AOR, 1.04; 95% CI (1.02-1.06)). As FBS level increases by 1 mg/dl, the odds of developing microvascular complications increase by 1% (AOR, 1.01; 95% CI (1.00-1.01)). The odds of developing microvascular complications with hypertension comorbidity were 86% higher compared to diabetic patients with no comorbid hypertension (AOR, 1.86; 95% CI (1.08- 3.19)). Type 2 diabetic patients with anemia were 3.4 times more likely to develop microvascular complications as compared to their counterparts (AOR, 3.40; 95% CI (1.11- 10.44)). The odds of developing microvascular complications among type 2 diabetic patients were 86% higher in those with positive proteinuria than in those with negative proteinuria (AOR, 1.86; 95% CI (1.00- 3.44)). Type 2 diabetic patients who had a duration of diabetes ≥ 5 years were nearly 3 times more likely to develop microvascular complications than those who had a duration of diabetes less than 5 years (AOR, 2.93; 95% CI (1.72- 5.01)). The odds of developing microvascular complications among type 2 diabetic patients with total cholesterol ≥ 200 mg/dl were nearly 2 times higher compared to patients with total cholesterol less than 200 mg/dl (AOR, 1.93; 95% CI (1.13- 3.29)) (Table 2).

Table 2 | Multivariable logistic regression analysis for factors associated to diabetic microvascular complications among patients with type 2 diabetes in Southern Ethiopoia (n=378).


[image: Table showing variables related to microvascular complications, including age, residence, fasting blood sugar (FBS), hypertension, anemia, proteinuria, duration of type 2 diabetes mellitus (T2DM), triglycerides, HDL, LDL, and total cholesterol. Columns display counts with percentages for complications (no, yes), COR and AOR with 95% confidence intervals, and P-values. Significant associations are noted for age, hypertension, anemia, proteinuria, duration of T2DM, and cholesterol.]




4 Discussion

This study’s main goal was to determine diabetic microvascular complications and factors associated with patients with T2DM. The overall prevalence of diabetic microvascular complications was 26.5%. Multivariable logistic regression analysis revealed that age, FBS, hypertension, anemia, positive proteinuria, duration of T2DM, and total cholesterol were the factors associated with the development of diabetic microvascular complications. The study findings would have implications for clinical and management practices to have strategies targeting old age, poor glycemic control, hypertension comorbidity, being anemic, having positive proteinuria, a longer duration of T2DM, and hypercholesterolemia for diabetes care to prevent or delay the development of diabetic microvascular complications.

The study found that 26.5% of study participants had diabetic microvascular complications. The finding was in line with a study conducted in the North West, Ethiopia 26.3% (22). However, the finding was higher than the finding of studies from Northern Ethiopia 19.5%, and Chandigarh, India 18.04% (13, 21). The finding of this study was lower than the finding of the studies conducted in Jimma, Ethiopia 41.5%, Dessie, Ethiopia 37.9%, Gondar, Ethiopia 31.33%, Ayder, Ethiopia 42.6%, Jos, Nigeria 47.8%, Tabuk, Saudi Arabia 34.3%, Doha, Qatar 48.4%, South India 52.1%, Tianjin, China 34.5%, and Ningbo, China 57.5% (14–17, 19, 20, 23–26). This discrepancy might be due to differences in diagnostic methods or criteria, sample size, and healthcare systems.

In this study, increased age was found to increase the risk of diabetic microvascular complications. The finding is consistent with a study conducted in Ethiopia, Nigeria, India, China, and Ireland (13, 16, 20, 24, 26, 27). This could be due to a combination effect of insulin resistance and predominately a loss of beta cells in advanced age, which results in poor glycemic control and greater microvascular damage (31). Higher FBS levels showed a significant association with the development of diabetic microvascular complications, as has been observed in previous studies conducted in Ethiopia and Saudi Arabia (22, 26). This might be associated with the high blood sugar level for longer periods effect of cell damage mainly occurs in capillary endothelial cells of the retina, mesangial cells of the renal glomerulus, neurons, and Schwann cells of peripheral nerves, causing diabetic microvascular complications (32).

According to the findings of this study, the risk of microvascular complications was higher in T2DM patients with hypertension. The study finding is in line with the studies done in Ethiopia, Saudi Arabia, Qatar, China, and Ireland (14, 16, 17, 19, 24, 27). The possible explanation might be due to increasing intracellular hyperglycemia through upregulation of the glucose transporter 1 (33). For every 10 mm Hg of higher systolic blood pressure, the risk of diabetic microvascular complications increased by 9% (34). Therefore, blood pressure control decreases the onset and development of microvascular complications in patients with T2DM (35). The finding of this study showed that T2DM patients with anemia have an increased risk of developing diabetic microvascular complications, which might be due to tissue hypoxia and hemodynamic effects in diabetic tissues (36). Previous studies showed an association between anemia and microvascular complications in patients with T2DM (37, 38).

The present study revealed that positive proteinuria were significantly associated factor of diabetic microvascular complications. The finding is similar with the previous studies conducted in Ethiopia (21, 22). Proteinuria itself could lead to the progression of diabetic nephropathy, which is indicative of damage to the glomerular filtration barrier (39, 40). Furthermore, in this study, the risk of diabetic microvascular complications was higher in patients with a T2DM duration ≥ 5 years. The finding is in accordance with the studies conducted in Ethiopia, Nigeria, Saudi Arabia, China, and Ireland (14, 16, 17, 20, 24). Moreover, the finding that the risk of diabetic microvascular complications was higher in patients with T2DM whose total cholesterol ≥ 200 mg/dl is consistent with previous studies done in Saudi Arabia and China (14, 17). The explanation may be that dyslipidemia may cause or exacerbate diabetic microvascular complications through alterations in the coagulation-fibrinolytic system, changes in membrane permeability, damage to endothelial cells, and increased atherosclerosis. Diabetes patients with hypercholesterolemia experienced a faster decline in their glomerular filtration rate (41). Mean total cholesterol levels for diabetics with microvascular complications were significantly higher (42). Thus, appropriate measures should be undertaken with regular monitoring of total cholesterol levels.



4.1 Strength and limitation

The limitation of this study is that the findings may not be generalizable to the total population because of the institution-based nature of the study, and some variables like socioeconomic status, alcohol use, and body mass index were incomplete in the patient’s medical records. As the study was cross-sectional, the cause-and-effect relationship between the associated factors and diabetic microvascular complications was impossible to determine. The strength of this study was that longer-term data were used.





5 Conclusion

According to this study, diabetic microvascular complications were highly prevalent. Increasing age, poor glycemic control, hypertension comorbidity, anemia, positive proteinuria, longer duration of T2DM, and hypercholesterolemia were factors independently associated with diabetic microvascular complications in patients with T2DM. Therefore, microvascular complications need to be identified early, and interventional strategies should be taken to control the modifiable risk factors poor glycemic control, hypertension comorbidity, anemia, positive proteinuria, and hypercholesterolemia associated with the development of diabetic microvascular complications in patients with T2DM.
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Objective

Perirenal adipose tissue (PAT) has emerged as a potential therapeutic target for cardiovascular disease (CVD). However, the relationship between increased perirenal fat thickness (PrFT) and CVD risks in individuals with type 2 diabetes mellitus (T2DM) remains uncertain. This study aimed to evaluate the association between PrFT and the estimated 10-year risk of CVD and atherosclerotic cardiovascular disease (ASCVD) in T2DM.





Method

The final analysis included 704 participants. PrFT was quantified using non-enhanced computed tomography scans, while the estimated 10-year CVD and ASCVD risk assessments were based on the Framingham and China-PAR equation risk scores, respectively. Multiple regression analysis was employed to analyze the correlation between PrFT and these risk scores.





Results

Higher quartiles of PrFT displayed elevated Framingham and China-PAR equation risk scores (P<0.001). After adjusting for cardiometabolic risk factors and visceral fat area, PrFT remained significantly correlated with Framingham equation risk scores in men (β=0.098, P=0.036) and women (β=0.099, P=0.032). Similar correlations were observed between PrFT and China-PAR equation risk scores in men (β=0.106, P=0.009) and women (β=0.108, P=0.007). Moreover, PrFT emerged as an independent variable associated with a high estimated 10-year risk of CVD and ASCVD, with odds ratios (ORs) of 1.14 (95% CI: 1.04-1.25, P=0.016) in men and 1.20 (95% CI: 1.11-1.31, P<0.001) in women for high estimated CVD risk, and ORs of 1.22 (95% CI: 1.08-1.41, P=0.009) in men and 1.34 (95% CI: 1.12-1.60, P<0.001) in women for high estimated 10-year ASCVD risk. Furthermore, restricted cubic spline analyses confirmed a nonlinear relationship between PrFT and high estimated CVD and ASCVD risk in both genders (P for nonlinearity and overall < 0.05).





Conclusions

PrFT contributed as an independent variable to the estimated 10-year risk of CVD and ASCVD in T2DM.
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Introduction

Type 2 diabetes mellitus (T2DM) represents a metabolic disorder characterized by chronic hyperglycemia, posing a significant global health threat due to its escalating prevalence (1). It is intricately intertwined with cardiovascular disease (CVD), leading to a twofold increase in the risk of all-cause mortality, with CVD emerging as the primary cause of death, as demonstrated by an extensive prospective study involving 512,869 adults in China (2). Concurrently, T2DM often manifests alongside obesity (3), dyslipidemia (4), and insulin resistance (5), which were recognized cardio-metabolic risk factors exacerbating susceptibility to CVD. Despite strides in glycemic management, the incidence and mortality of CVD persist, particularly among T2DM cohorts. Consequently, the latest guidelines advocate a paradigm shift in CVD management within T2DM towards a personalized, patient-centered approach, accentuating early intervention of risk factors based on intensive glycemic control to mitigate CVD risk (6). The escalating prevalence of obesity contributes significantly to the burgeoning incidence of T2DM. Meanwhile, epidemiological investigations have underscored obesity as an independent risk factor for CVD, even after adjusting for other cardiometabolic risk factors (7). Dysfunctional adipose tissue accumulation, particularly in visceral depots, plays a crucial role in T2DM and CVD pathogenesis. Recent advancements in obesity and CVD risk underscore the significant heterogeneity in body fat distribution, emphasizing the role of visceral adiposity as a critical depot linked to increased risk of both CVD and T2DM (8). The classification of visceral adipose tissue (VAT) is intricate, and discerning which specific VAT correlates with CVD risk is essential for effective risk assessment.

Perirenal adipose tissue, a specific type of VAT situated in the retroperitoneal space, has recently attracted clinical insights owing to its special roles in the metabolism and cardiovascular system, speculated as a potential treatment target for CVD (9, 10). Current protocols for managing T2DM recommend annual evaluation of CVD risk factors and the utilization of validated risk prediction models, such as the Framingham (11)and China-PAR equation risk scores (12), to estimate the 10-year risk of CVD or atherosclerotic cardiovascular disease (ASCVD). Perirenal fat thickness (PrFT) emerges as a validated index proficient in accurately representing the PAT mass (13). Previous studies have demonstrated a close association between increased PAT and cardiometabolic risk factors, such as hypertension (14), metabolic dysfunction-associated fatty liver disease (15), and increased carotid intima-media thickness (16). However, limited data has investigated the association between increased PAT and estimated CVD or ASCVD risk. Therefore, this study aimed to evaluate the correlation of PrFT with the estimated 10-year risk of CVD or ASCVD risk in T2DM.





Materials and methods




Participants and study design

In this cross-sectional study, participants with T2DM admitted to the National Metabolic Management Center at Longyan First Affiliated Hospital of Fujian Medical University were consecutively recruited from January 2023 to March 2024. Written informed consent was obtained from all participants under the ethical guidelines established by the Ethical Committee of our hospital (IC-2020-069), adhering rigorously to the principles outlined in the Declaration of Helsinki throughout the study. Participants were excluded during the participant selection process if they met one of the following conditions: 1. aged beyond 35 to 74 years old, as Framingham risk scores were only applicable within this age range. 2. exhibited incomplete data. 3. experienced acute major cardiovascular events. 4. had renal abnormalities, such as renal or perirenal neoplasms, cysts, or a history of renal region surgery. 5. Gestational diabetes or pregnancy. After the participant selection period, 704 participants were included in the final analysis. Figure 1 delineates the enrollment process in a flow diagram.

[image: Flowchart illustrating participant selection for a study on Type 2 Diabetes Mellitus (T2DM). Total recruits: 784. Exclusions: incomplete data (18), gestational diabetes or pregnancy (5), renal abnormalities (6), age beyond 35-74 years (51). Data for analysis: 704, divided into men (364) and women (340).]
Figure 1 | The flow diagram illustrates the enrollment process throughout the study.





Data collection and laboratory assessments

Clinical data were systematically collected by trained interviewers utilizing a standardized questionnaire and a comprehensive review of medical records and laboratory findings. Parameters encompassed demographic details such as age, gender, pertinent medical history, prior surgeries potentially affecting the renal structure, and family history of ASCVD, alongside current or previous medication usage. Additionally, diabetic duration, residential status, and habits regarding smoking and alcohol consumption were documented. Anthropometric measurements were conducted by skilled research nurses employing established protocols, encompassing waist circumference (WC), systolic blood pressure (SBP), and diastolic blood pressure (DBP).

Laboratory assessments were conducted utilizing fasting venous blood samples obtained between 8 and 9 am following an overnight fast, stored in standardized tubes containing dipotassium ethylenedinitrilo tetra-acetic acid. Serum levels of various parameters were determined employing standard methodologies. These included fasting blood glucose (FBG), serum insulin, glycated hemoglobin (HbA1c), as well as diabetic autoimmune antibodies (GADA, IAA, and ICA) to exclude type 1 diabetes. Additionally, measurements encompass creatinine, triglycerides (TGs), total cholesterol, high-density lipoprotein cholesterol (HDL-c), and low-density lipoprotein cholesterol (LDL-c). HbA1c was quantified using high-performance liquid chromatography with a D10 set (Bio-RAD), while biochemical indices were assessed via an auto-biochemical analyzer (Roche Diagnostics Corporation). Insulin sensitivity was evaluated using the homeostasis model assessment of insulin resistance (HOMA-IR), calculated as fasting serum insulin (µU/ml) multiplied by FBG (mmol/l) divided by 22.5 (17). These clinical and laboratory data will be stored in the National Metabolic Management Center’s unique information collection system for final analysis.





Measurement ofperirenal fat thickness and visceral fat area

The measurement of PrFT was conducted following the method initially proposed by the Mayo Clinic in 2014 (18). Participants underwent unenhanced abdominal computed tomography scans covering the area from the pubic symphysis to the 10th thoracic vertebra to acquire renal and perirenal structural images. Two seasoned radiologists engaged in PrFT measurement, adhering to standardized protocols. Initially, PAT was delineated from adjacent tissues based on density criteria (window center: -100 HU, widths: -50 to -200 HU). Subsequently, PAT was defined as the distance from the renal tissue to the nearest visceral or muscular structure. Lastly, PrFT was quantified as the average maximum distance from the posterior aspect of the kidney to the inner edge of the abdominal wall along the plane encompassing the left and right renal veins.

The visceral fat area (VFA) measurement was conducted by skilled operators using a dual bioelectrical impedance analyzer (DUALSCANHDS-2000, Omron Healthcare Company, Japan), adhering to standardized protocols.





Assessments of estimated 10-year CVD and ASCVD risk

Estimated 10-year CVD and ASCVD risk assessments were conducted using the Framingham and China-PAR equation risk scores, respectively. These scores are endorsed for predicting 10-year CVD and ASCVD risk by Chinese guidelines for DM management and were calculated according to previously published algorithms (11, 12). Framingham risk scores comprise variables including gender (male or female), age (years), TC levels (mmol/L), HDL levels (mmol/L), BP, smoking status (yes or no), and diabetes status (yes or no). According to the Framingham Risk Score (FRS), participants are stratified into high-risk (≥20%), intermediate-risk (10-20%), and low-risk (<10%) categories. The China-PAR equation incorporates variables such as gender (male or female), age (years), untreated SDP (mmHg), TC levels (mg/dl), HDL levels (mg/dl), WC, smoking status (yes or no), diabetes status (yes or no), geographic region (northern or southern China), urbanization status (urban or rural), and family history of ASCVD (yes or no). Participants are categorized based on the China-PAR equation risk score into high-risk (≥10%), intermediate-risk (5-10%), and low-risk (<5%) groups.





Statistical analysis

The clinical and laboratory assessment data will eventually be exported in Excel form from our information storage system. The SPSS 26.0 software (IBM SPSS Inc.) was employed for statistical analysis. Participants were divided into four groups based on the quartiles of PrFT: Q1(<8.3mm), Q2 (8.3-12.9mm), Q3 (13.0-16.4mm), and Q4 (>16.4mm). Descriptive statistics are presented as means ± standard deviation (SD), and statistical differences among the PrFT quartiles were assessed using a one-way analysis of variance. Discrete variables are summarized in frequency tables (N, %), and the chi-squared (χ2) test or Fisher’s exact test was employed for comparing categorical variables. The association between PrFT and China-PAR or Framingham risk scores was assessed via Spearman correlation analysis, further elucidated by multiple regression analysis after adjusting the potential confounders reported in previous studies in three models. Model 1: adjustment for the diabetic duration, HbA1c, HOMA-IR, TG, and LDL-c. Model 2: additional adjustment for components of the Framingham and China-PAR risk prediction models like age, WC, TC, HDL-c, SBP, DBP, family ASCVD history, smoking, and urbanization. Model 3: further adjustment for the VFA and usage of glucagon-like peptide 1 receptor agonists (GLP-1 RAs) or sodium-glucose co-transporters type 2 inhibitors (SGL-T2is). Binomial logistic regression analysis was utilized to identify the independent variables of PrFT for high estimated 10-year CVD and ASCVD risk in three different models. Furthermore, the restricted cubic splines (RCS) analyses were conducted to evaluate the non-linear association between PrFT and high estimated 10-year CVD and ASCVD risk after full adjustment for Model 3. Statistical significance was set at P<0.05 (two-tailed).






Results




Baseline characteristics of participants

In total, 704 individuals with T2DM and complete data were included in the final analysis. The gender distribution was balanced, with 364 (51.7%) male participants. The mean age of the cohort was 53.5 ± 8.0 years, and the mean duration of diabetes was 8.3 ± 3.1 years. The mean Framingham and China-PAR equation risk scores were 18.7% ± 10.8% and 7.0% ± 5.4%, respectively. Additionally, 319 (45.3%) and 221 (31.4%) participants were categorized as high-risk for CVD or ASCVD according to Framingham and China-PAR equation risk scores, respectively.





Clinical and laboratory characteristics of participants across PrFT quartiles

The clinical and laboratory characteristics of the participants, stratified by quartiles of PrFT, are summarized in Table 1. No significant differences were observed in age, HbA1c, creatinine levels, or the proportion of smokers and urban dwellers across the PrFT quartiles (P>0.05). However, significant differences were noted in components of the Framingham and China-PAR risk prediction models, including WC, TC, HDL-c, SBP, and DBP across the PrFT quartiles (P<0.05). Moreover, there were increasing trends in the Framingham and China-PAR equation risk scores with higher PrFT quartiles. Participants in the higher PrFT quartiles exhibited a greater prevalence of high-risk CVD and ASCVD, as well as hypertension (P<0.05).

Table 1 | Clinical and laboratory characteristics of the study population based on the quartiles of PrFT(mm).


[image: Table showing the distribution of various health metrics across quartiles of Framingham risk scores in a study population. Metrics include age, diabetes duration, gender distribution, blood pressure, cholesterol levels, and risk scores like HOMA-IR. The table compares these variables in four quartiles, with a p-value indicating statistical significance across groups.]




Correlation of PrFT with Framingham and China-PAR equation risk scores

The univariate correlation analysis demonstrated a positive correlation between PrFT and Framingham equation risk scores, both in men (r=0.353, P<0.001) and women (r=0.408, P<0.001). Similarly, a positive association was observed between PrFT and China-PAR equation risk scores in both men (r=0.385, P<0.001) and women (r=0.375, P<0.001). Further investigation into these correlations was conducted through multiple linear regression analyses. As outlined in Table 2, positive correlations between PrFT and these risk scores persisted even after adjusting for Model 1 and Model 2 in both genders (P<0.001). Additionally, even after further adjustment for VFA and usage of GLP-1 RAs or SGL-T2is in Model 3, PrFT remained significantly correlated with Framingham equation risk scores in men (β=0.098, P=0.036) and women (β=0.099, P=0.032). Similarly, the correlation between PrFT and China-PAR equation risk scores persisted in men (β=0.106, P=0.009) and women (β=0.108, P=0.007).

Table 2 | Multivariate linear regression analysis of the association between PrFT and the Framingham and China-PAR equation risk score.


[image: A table compares Framingham and China-PAR risk scores across three models for men and women. Each model uses different adjustments, with beta coefficients and p-values provided. Model 1 shows higher beta values for both risk scores compared to Models 2 and 3. The footnote details adjustments for each model, including factors like diabetic duration and cholesterol level.]




Correlation of PrFT with high estimated CVD and ASCVD risk

Table 3 presents the results of the correlation of PrFT with high estimated 10-year CVD and ASCVD risk, analyzed by binomial logistic regression analysis. The results indicated that PrFT was independently associated with high estimated CVD and ASCVD risk after adjustment for Model 1 and Model 2 whether in men or women. Notably, these correlations remained significant after further adjustment for VFA and usage of GLP-1 RAs or SGL-T2is in Model 3, The ORs for a high estimated CVD risk were 1.14 (95% CI: 1.04-1.25, P=0.016) in men and 1.20 (95% CI: 1.11-1.31, P<0.001) in women, respectively. Concurrently, the ORs for a high estimated 10-year ASCVD risk were 1.22 (95% CI: 1.08-1.41, P=0.009) in men and 1.32 (95% CI: 1.12-1.60, P<0.001) in women, respectively.

Table 3 | Binomial Logistic Regression Analysis adjusted ORs (95% CIs) for the associations between PrFT and high estimated 10-year risk of CVD and ASCVD.


[image: Table showing odds ratios and p-values for estimated 10-year cardiovascular disease (CVD) and atherosclerotic cardiovascular disease (ASCVD) risks in men and women across three models. Model 1 accounts for diabetic duration and cholesterol; Model 2 includes age, cholesterol, blood pressure, smoking; Model 3 adds fat area and medication use. CVD Model 1 OR: Men 1.40, Women 1.32; ASCVD Model 1 OR: Men 1.51, Women 1.56.]




Non-linear relationship of PrFT with high estimated CVD and ASCVD risk

The RCS analyses were conducted to elucidate further the relationship between PrFT and the high estimated risks of CVD and ASCVD. Following adjustment for Model 3, the results revealed a non-linear correlation of PrFT with high estimated CVD (P for nonlinearity < 0.001) and ASCVD risk (P for nonlinearity = 0.038) in men (Figure 2). Similarly, the non-linear correlation of PrFT with high estimated CVD (P for nonlinearity = 0.012) and ASCVD risk (P for nonlinearity=0.024) in women persisted (Figure 3).

[image: Graph A shows the odds ratio for high cardiovascular disease (CVD) risk in men, displaying nonlinearity with a p-value less than 0.001. Graph B depicts the odds ratio for high atherosclerotic cardiovascular disease (ASCVD) risk in men, with a p-value for nonlinearity of 0.038. Both graphs show the relation between PrFT (millimeters) and odds ratios with shaded confidence intervals.]
Figure 2 | Restricted cubic spines analysis of the association between PrFT and high estimated 10-year risk of CVD (A) and ASCVD (B) after adjustment for Model 3 in men. PrFT, Perirenal fat thickness; CVD, Cardiovascular disease; ASCVD, Atherosclerotic cardiovascular disease.

[image: Graph A shows a red curve representing the odds ratio for high cardiovascular disease (CVD) risk in women, with a significant nonlinearity value of 0.012 as PrFT increases. Graph B shows a green curve for high atherosclerotic cardiovascular disease (ASCVD) risk with a nonlinearity value of 0.024. Both graphs display a rising trend in odds ratio with increasing PrFT values.]
Figure 3 | Restricted cubic spines analysis of the association between PrFT and high estimated 10-year risk of CVD (A) and ASCVD (B) after adjustment for Model 3 in women. PrFT, Perirenal fat thickness; CVD, Cardiovascular disease; ASCVD, Atherosclerotic cardiovascular disease.






Discussion

Recent evidence in CVD management has underscored the potential significance of PAT accumulation as a pivotal factor in CVD pathogenesis. This highlights the possibility of PAT as a viable treatment target for CVD. This study evaluated the association between increased PrFT and estimated 10-year CVD and ASCVD risk from a clinical perspective. The findings revealed increasing trends in the Framingham and China-PAR equation risk scores with higher PrFT quartiles. Additionally, PrFT was independently correlated with Framingham and China-PAR equation risk scores. Furthermore, PrFT contributes as an independent variable to the high estimated risk of CVD and ASCVD.

Obesity and T2DM stand as significant contributors to CVD, a condition rapidly escalating on a global scale. Given the shared risk factors between T2DM and obesity, including hypertension, dyslipidemia, and insulin resistance, their co-occurrence significantly amplifies CVD risk. Particularly, abdominal obesity plays a pivotal role in the pathogenesis of CVD, with VAT accumulation showing a stronger correlation with CVD risk compared to subcutaneous fat (19, 20). Recent attention has turned towards PAT in elucidating its role in CVD. Situated within the retroperitoneal space surrounding the kidneys, PAT possesses distinct anatomical and functional characteristics distinguishing it from typical visceral fat depots. Unlike conventional visceral fat, PAT shares similarities with internal organs, boasting a complete blood supply, lymphatic drainage, and innervation (21). These unique features equip PAT with a dynamic capacity in energy metabolism and adipokine modulation, rendering it a potential modulator of the cardiovascular system through autonomic nervous system regulation. Moreover, PAT serves as a robust source of adipokines such as leptin, adiponectin, apelin, and nestin, which exert systemic effects on cardiovascular, immune, and metabolic regulation (22). Additionally, local immune cells within PAT synthesize cytokines like tumor necrosis factor-alpha and interleukin-6, which are implicated in CVD pathogenesis (23). Given these intricate regulatory mechanisms, the excessive accumulation of PAT is hypothesized to heighten CVD risk.

PrFT has emerged as a validated index adept at accurately representing PAT mass, extensively utilized for exploring the correlation between elevated PAT and CVD risk factors. Sahin et al. observed a significant positive correlation between PrFT and both SBP and DBP in patients diagnosed with polycystic ovary syndrome (24). Additionally, Campobasso et al. found a positive association between PrFT and mean 24-hour SBP levels in overweight and obese subjects (25). Meanwhile, PrFT was also correlated with other cardio-metabolic risk factors such as WC, TG, HDL-c, and HOMA-IR (26, 27). Recent studies have observed close associations between increased PrFT and increased intima-media thickness (16, 28, 29), cardiac hypertrophy (30), and systemic calcified atherosclerosis (31), which were considered predictors of future CVD events. Consistent with previous studies, this study revealed significant differences in cardiometabolic risk across the PrFT quartiles, encompassing WC, TG, TC, HDL-c, and HOMA-IR. These findings underscore a close correlation between increased PAT and CVD risk factors.

Risk assessment constitutes a cornerstone in the prevention of CVD or ASCVD. Precise evaluation of individual risk is pivotal in guiding and facilitating preventive measures against CVD or ASCVD. Framingham risk scores were derived from the extensive Framingham Heart Study data, designed to estimate 10-year CVD risk in individuals aged 30 to 74. China-PAR equation risk scores, developed from data specific to the prediction of ASCVD risk in China, have undergone validation and application in prior research (32, 33). Xu et al. revealed that VFA contributed to the Framingham 10-year general cardiovascular disease risk after statistical correction for other multiple factors affecting CVD risk in 202 participants with T2DM (34). This study further adjusted the VFA in addition to other cardiometabolic factors affecting CVD risk in previous studies. The findings revealed that increased PrFT was independently and positively correlated with Framingham and China-PAR equation risk scores. Furthermore, PrFT also contributes as an independent variable to the high estimated CVD and ASCVD risk. While prior studies showed sex-specific associations between BMI and CVD risk (35), this study revealed a positive correlation of PrFT with estimated CVD or ASCVD risk regardless of gender. These findings indicate that increased PAT accumulation was significantly associated with high CVD or ASCVD risk. Maria et al. observed reduced requirements for antihypertensive medications and systolic blood pressure (SBP) levels in hypertensive obese subjects following sleeve-gastrectomy surgery, associated with decreased PAT (14). GLP-1 RAs and SGL-T2i exhibit recognized CVD prevention properties, with clinical studies demonstrating reduced PAT after these medications (36, 37). It is plausible that the cardiovascular protective effect of GLP-1 RAs, SGL-T2i, or sleeve-gastrectomy surgery partially involves reducing PAT. Furthermore, renal sinus fat (RSF) has garnered clinical interest. Catharine et al. discovered a positive correlation between RSF and DBP while noting an inverse relationship with insulin sensitivity (38). Similarly, Moritz et al. demonstrated that RSF expansion is prevalent in individuals with obesity and/or hypertension, but can be reduced through bariatric surgery, subsequently associated with the remission of hypertension (39). These insights strongly suggest that RSF might contribute significantly to the onset of hypertension and CVD. Therefore, heightened attention to perirenal and intrarenal fat deposition is warranted due to its potential role in CVD.





Strength and limitation

To the best of our knowledge, this study is the first to investigate the association between increased PrFT and estimated 10-year CVD and ASCVD risk. However, it is important to acknowledge certain limitations in this study. The study population was limited to individuals with T2DM in southern China, which may restrict the generalizability of the findings to other ethnicities or populations residing in northern China. Additionally, the cross-sectional study design, based on prospectively gathered data from a single center, restricts the capacity to establish causality between heightened PrFT and elevated estimated CVD and ASCVD risk. Future research involving diverse populations and longitudinal designs will offer valuable insights into this association. Furthermore, as we assessed PrFT using CT scans, it is important to note that radiation exposure may limit its clinical utility, especially in pregnant women and children.





Conclusion

This study demonstrated a positive correlation between increased PrFT and Framingham and China-PAR equation risk scores. Additionally, PrFT independently contributed as a variable to the high estimated 10-year risk of CVD and ASCVD in individuals with T2DM. These findings suggest that increased PAT may serve as a risk factor for CVD. Future investigations should concentrate on identifying strategies to reduce CVD risk by targeting PAT as a potential therapeutic target.
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Obesity, characterized by its complexity and heterogeneity, has emerged as a significant public health concern. Its association with increased incidence and mortality of cardiovascular diseases stems not only from its complications and comorbidities but also from the endocrine effects of adipose tissue. Abdominal aortic aneurysm (AAA), a chronic inflammatory condition, has been closely linked to obesity. Intriguingly, mild obesity appears to confer a protective effect against AAA mortality, whereas severe obesity and being underweight do not, giving rise to the concept of the “obesity paradox”. This review aims to provide an overview of obesity and its paradoxical relationship with AAA, elucidate its underlying mechanisms, and discuss the importance of preoperative weight loss in severely obese patients with AAA.
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1 Introduction

Obesity, characterized by abnormal or excessive fat accumulation, constitutes not only a metabolic disorder but also a chronic inflammatory, degenerative, and psychosocial ailment that poses a significant threat to public health (1–4). Particularly, central obesity has been strongly associated with the development of cardiovascular diseases and increased mortality (5–7).

Abdominal aortic aneurysm (AAA), likened to an untimed bomb within the body, is defined as a 50% dilation of the abdominal aorta, typically exceeding 3 cm. It is recognized as a chronic inflammatory degenerative disorder of the aorta (8). Risk factors for AAA encompass aging, hypertension, hyperlipidemia, smoking, and a family history of AAA (9). While obesity traditionally isn’t regarded as a risk factor for AAA, there’s a growing body of literature suggesting a correlation between weight gain and a heightened incidence of AAA and associated mortality. However, studies regarding the impact of obesity on AAA present conflicting findings (10).

Obesity encompasses not only the accumulation of fat cells in the body but, more significantly, is often accompanied by adverse lifestyle choices and various comorbidities. These factors collectively influence the initiation, progression, and prognosis of AAA. Consequently, analyzing obesity as a singular variable leads to complexity and inaccuracies in clinical observations and outcomes.

In this review, our aim is to explore the intricate relationship between obesity and AAA, elucidating the underlying mechanisms. Additionally, given the elevated risk of adverse events during the perioperative period, perioperative weight loss in obese patients has garnered considerable attention. Therefore, we intend to summarize the current published research on the timing and methods of weight loss, aiming to delineate the potential role of intentional weight loss in the prevention and management of AAA, and to inspire future research (Table 1).

Table 1 | The relationship between obesity and abdominal aortic aneurysm.


[image: A detailed table comparing various obesity indices and their relationship with abdominal aortic aneurysm (AAA) morbidity and mortality. It includes indices like Body Mass Index (BMI), waist circumference, fat percentage, and epicardial adipose tissue volume. The table covers aspects such as subject details, aortic segments affected, measurement methods, and statistical relationships with AAA, accompanied by reference numbers for further study.]



2 Obesity to AAA: foe or friend?

Although obesity is not explicitly designated as a risk factor for AAA in current guidelines, several clinical studies have suggested that excessive fat accumulation does indeed heighten the risk of developing AAA. For instance, a case-control study involving 504 participants revealed a positive correlation between BMI and increasing aortic diameter at the superior mesenteric artery (SMA) segment (10) (Table 1). Additionally, various methods of evaluating obesity have shown a corresponding increase in AAA incidence with the severity of obesity.

When stratifying obese patients based on the degree of obesity, an intriguing trend emerges concerning the perioperative mortality of AAA. A retrospective study involving 5,455 AAA patients revealed that morbidly obese individuals (BMI>34 kg/m2) exhibited higher 30-day mortality rates in both open aneurysm repair (OAR) and endovascular aneurysm repair (EVAR) procedures compared to non-obese patients, including those with milder obesity (24). Additionally, for every 1 kg/m2 increase in BMI, the risk of 30-day death in hospitalized patients undergoing repair for ruptured abdominal aortic aneurysm was significantly elevated by 1.08 (95% CI,1.01-1.17; P=0.04) (23).

However, patients classified as mildly obese displayed the lowest mortality rates post-AAA surgery, even lower than those with normal weight (25, 26). Further investigation through a retrospective analysis of 9,479 patients undergoing OAR revealed that individuals categorized as overweight (BMI: 25-30 kg/m2) or mildly obese (BMI>30 kg/m2) did not exhibit additional surgical mortality associated with BMI until BMI surpassed 34 kg/m2 (27). Interestingly, mortality in AAA patients does not correspondingly increase with the severity of obesity; it is lowest in those with mild obesity but elevated in patients with low weight or excessive obesity. Although certain studies have concluded that obesity does not exert a statistically significant effect on the perioperative mortality of AAA, this may stem from a lack of BMI stratification among patients. Nevertheless, these studies have consistently indicated that both low body weight and severe obesity predispose individuals to increased perioperative complications such as renal insufficiency and wound infections, thereby contributing to poorer prognoses in AAA patients (18–21). This phenomenon, akin to the “obesity paradox” observed in other cardiovascular diseases, underscores the complex interplay between obesity and AAA outcomes (28–30).

Given the inconsistent role of obesity in the epidemiology and prognosis of AAA, we will address on the following aspects




3 Potential mechanism of obesity aggravating AAA

As outlined in Section 2 and corroborated by Table 1, it is evident that obesity augments the incidence of AAA. Numerous clinical studies have substantiated a positive correlation between the degree of obesity and the diameter of the abdominal aorta in AAA patients, irrespective of the method used to evaluate obesity (10, 13, 16, 17).

Obesity, recognized as a chronic degenerative disease, manifests cardiovascular implications at an earlier age compared to individuals with normal weight, essentially reflecting accelerated systemic aging (31). Senescent cells accumulate with aging, obesity, and diabetes, particularly within adipose tissue depots, encompassing subcutaneous, visceral, and intramuscular spaces (8, 32). Excessive energy intake disrupts the delicate energy balance, leading to hypertrophy and hyperplasia of adipose tissue around various organs, including the liver, heart, muscle, kidney, pancreas, and inducing insulin resistance (33). Moreover, obesity, hypercholesterolemia, hypertension, and high-fat diets contribute to an inflammatory milieu, oxidative/nitrification stress, mitochondrial dysfunction, endothelial apoptosis, macromolecular damage, and vascular wall senescence, consequently heightening cardiovascular risk and disease, including AAA (34).

Similarly, AAA, characterized as a chronic inflammatory degenerative ailment, essentially represents vascular senescence, with its prevalence escalating with age (35, 36). Experimental studies have delineated transcriptional alterations in abdominal aortic tissue during aging-induced AAA, characterized by smooth muscle cell loss, leukocyte adhesion, inflammation, and accumulation of senescent cells in the vascular wall and perivascular adipose tissue (PVAT) (37). Pathological changes observed in human AAA closely resemble those occurring in the abdominal aorta due to obesity (38). Furthermore, experiments have underscored the impact of preaging adipocyte secretions on vascular wall cell phenotype and function, mirroring observations in aneurysmal vessel walls (39).



3.1 Adipose tissue in the pathological state results in high AAA morbidity and mortality

As obesity progresses, human adipocytes not only undergo hypertrophy and hyperplasia but also transition from a physiological to a pathological state, thereby contributing to endocrine disorders associated with severe obesity (40). The adipose tissue in the human body comprises two main categories, primarily subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT). Predominantly composed of white adipocytes and often indicated by waist circumference, VAT is strongly linked to dyslipidemia and hypertension. Clinical studies have consistently demonstrated a significant association between increased VAT and a heightened risk of incident AAA (40–42).

Additionally, there exists a correlation between visceral abdominal adiposity and the volume and density of abdominal periaortic adipose tissue, which is directly related to the size of the aorta (14, 15, 43). This relationship may stem from the direct action of adipose tissue in its pathological state on the abdominal aorta, which can be concluded as an aging process. Key mechanisms include:

Firstly, obesity enhances the production of reactive oxygen species (ROS), resulting in oxidative stress. This oxidative damage accelerates endothelial dysfunction and promotes vascular stiffness, both of which are hallmarks of vascular aging and can eventually lead to AAA (44).

Moreover, adipose tissue in obese individuals secretes pro-inflammatory cytokines such as TNF-α, IL-6, and MCP-1. These cytokines induce a chronic inflammatory state that contributes to vascular aging by promoting endothelial cell apoptosis and reducing the regenerative capacity of vascular cells, processes that have been shown to cause AAA (45, 46).

Furthermore, alterations in adipokines derived from adipose tissue that contribute to aortic remodeling in both AAA patients and experimental models of AAAs can be considered manifestations of vascular aging (37). Some adipokines, such as leptin, and adiponectin, have been strongly associated with AAA diameter (13, 47). Leptin, a highly secreted adipocytokine by PVAT, is considered a proinflammatory factor that elevates levels of cytokines such as TNF-α, IL-6, and IL-12 (48–50). Research suggests that leptin from PVAT promotes AAA formation through IL-18-mediated smooth muscle cell loss, apoptosis, and induced vascular remodeling (51, 52). Pathological PVAT may also exacerbate endothelial dysfunction in diet-induced obese mice due to increased NADPH oxidase-derived oxidative stress and the production of proinflammatory cytokines (53). Additionally, resistin, omentin and vaspin have been shown to be deposited and induce endothelial cell dysfunction through paracrine signaling and other mechanisms (54). Another adipokine derived from PVAT, chemerin, has been shown to exacerbate experimental AAA by inducing endothelial dysfunction via targeting NAD(P)H oxidase in high-fat diet mice (55–57) (Figure 1).

[image: Diagram of the aorta showing interactions between various cells and molecules affecting vascular structure and function. It depicts pathways involving adiponectin, activated macrophages, VSMCs (vascular smooth muscle cells), and fibroblast proliferation, highlighting processes like ROS (reactive oxygen species) increase, inflammation, and ECM (extracellular matrix) degeneration. Key areas include the PVAT (perivascular adipose tissue), adventitia, media, and intima layers. Various factors such as Ang II, MCP1, leptin, and high-density lipoprotein are involved, alongside pathways affected by conditions like hypoxia and hypofusion.]
Figure 1 | Mechanism of adipose tissue action on all layers of the abdominal aorta Internal or external environmental changes such as hypoxia and a high-fat diet can impact adipose tissue, leading to pathological changes and the release of adipokines. In a physiological state, perivascular adipose tissue (PVAT) can cause a full-thickness lesion of the arterial wall from the outside to the inside. The main manifestations include the aggregation of inflammatory cells, increased reactive oxygen species (ROS), changes in vascular smooth muscle cell (VSMC) phenotype, endothelial cell dysfunction, and extracellular matrix (ECM) degradation. These changes ultimately exacerbate abdominal aortic aneurysm (AAA). The main pathways include (1): Angiotensin II (Ang II): Ang II interacts with AT1R, triggering the OPN and Erk1/2β pathways, which leads to macrophage activation. This activation promotes the release of pro-inflammatory cytokines such as TNFα, TLR-4, and STAT-1, eventually resulting in ECM degeneration and increased endothelial cell inflammation (58–60) (2). High-Fat Diet (HFD): HFD induces the secretion of chemerin, leptin, and MCP1, which promote VSMC proliferation, apoptosis, and phenotype switching (57, 59, 61). Additionally, this process increases ROS and inflammatory responses within the vascular wall (3). Hypoxia and Hypofusion: Conditions like hypoxia induce HIF-1α expression, promoting VSMC apoptosis and the release of MMP-2 and MMP-9. These changes further contribute to ECM degeneration and fibroblast proliferation and migration (62, 63). AT1R, Angiotensin II type 1a receptor; CTRP13, C1q/tumor necrosis factor (TNF)-related protein-13; ECM, Extracellular Matrix; HFD, High-fat diet; MCP-1, Monocyte chemoattractant protein-1; MMP, Matrix metalloproteinase; NAMPT1, Nicotinamide Phosphoribosyl-Transferase 1; OPN, Osteopontin; PDGF-D, Platelet-derived Growth Factor D; TGF-β, Transforming Growth Factor-β; VSMC, vascular smooth muscle cell. (This figure is supported by Biorender).




3.2 Comorbidities and complications along with severe obesity results in high AAA morbidity and mortality

A previous study indicated that the risk of cardiovascular disease associated with a high BMI or increased waist circumference is primarily mediated by altered intermediate risk factors, such as atherosclerotic dyslipidemia and hypertension (12, 64). These factors may collectively contribute to the elevated morbidity of AAA. Lipid accumulation products have emerged as a stronger prognostic marker for all-cause cardiovascular morbidity and mortality compared to BMI, and have been associated with atherosclerosis, as evidenced in a retrospective study involving 9,180 participants (65). Additionally, both a prospective study and a multicenter retrospective analysis have independently confirmed a significant association between increased levels of lipoprotein(a) and the occurrence of AAA (66, 67). Furthermore, most AAAs are considered to represent end stages of atherosclerosis which is positively associated with lipoprotein level (68). Compensatory dilated remodeling, an essential component of atherosclerosis, is intended to delay the development of overt luminal compromise (69).

Additionally, findings from the Framingham Heart Study indicate that 60 to 70% of cases of essential hypertension can be attributed to obesity (70). Moreover, researchers suggest that obesity, characterized by elevated levels of leptin and decreased levels of adiponectin, may disrupt blood pressure regulation (71, 72).This imbalance in blood pressure regulation, in turn, weakens the arterial wall and increases arterial pressure, ultimately leading to arterial deformation and changes in hemodynamics, which can contribute to the progression of AAA (73–75).

Furthermore, individuals with abdominal obesity often lead unhealthy lifestyles, characterized by higher rates of smoking and lower levels of physical activity. These lifestyle factors also play a significant role in the onset and progression of AAA (76, 77).





4 The obesity paradox in AAA — is obesity a true friend?

When regression analyses were conducted to identify risk factors related to global AAA mortality, BMI exhibited a negative linear association with AAA mortality (P ≤ 0.007), despite some studies presenting differing conclusions (18, 20, 25). However, upon stratification based on the degree of obesity, the protective effect of overweight or mild obesity on the prognosis of AAA was revealed, contrary to its epidemiological effect on AAA incidence. For instance, a case-control study involving 7,543 patients with AAA found that class I obese individuals (BMI 25.1-30 kg/m2) had a significantly lower 30-day risk of death compared to normal weight patients (P<0.05) (26).

Furthermore, a meta-analysis of 92,525 patients undergoing vascular surgery corroborated these findings, showing that patients with a BMI of 25-29.9 kg/m2 exhibited the lowest overall mortality and had fewer cardiac and respiratory complications 30 days after surgery (30). Importantly, this phenomenon extends beyond OAR to EVAR. A meta-study of 14,971 patients undergoing AAA surgery (including 11,743 EVAR cases) confirmed that obese patients had lower 30-day mortality (1.5%) compared to nonobese patients (2.2%) undergoing EVAR (78).This phenomenon is referred to as the obesity paradox, and possible mechanisms include:

As a chronic inflammatory disease, AAA exhibits high metabolic dynamics (79). Weight gain and overall obesity are often indicative of a positive long-term energy balance, where energy intake surpasses energy expenditure, thereby counteracting the energy expenditure associated with chronic inflammation and delayed vascular aging (80). Research from heart failure has shed light on the obesity paradox, which can be attributed to impaired fatty acid oxidation, characterized by mitochondrial dysfunction, reduced availability of essential cofactors such as coenzyme A or carnitine, downregulation of β-oxidase, and increased dependence on alternative substrates such as glucose and ketone bodies (81).The concept of supporting myocardial energetics by increasing fat intake has emerged as an important adjunctive treatment for heart failure.

Galectin 1, a member of the lectin family highly expressed in adipose tissue, has been found to exacerbate obesity in high-fat diet mice by increasing PPARγ expression and activation (82).However, it has also been found to be protective against AAA and atherosclerosis (83).This protective effect is attributed to the attenuation of foam cell formation and mitochondrial dysfunction in vascular smooth muscle cells (VSMCs), as well as the increase in systolic VSMCs in aortic tissue. The secretory function of adipose tissue can further reduce extracellular matrix fibrosis and macrophage infiltration/activation, while enhancing angiogenic potential, thus potentially playing a protective role in the cardiovascular system. However, the specific mechanisms underlying these effects require further exploration (84).

However, obesity, being a multifaceted disease, not only presents numerous comorbidities but also exerts a multifaceted impact on AAA mortality. The current study primarily utilized BMI as an indicator of obesity evaluation to explore its relationship with AAA, without considering the impact of other medical and medication histories. Therefore, whether obesity can be considered a true friend remains a complex and nuanced question that warrants further investigation.



4.1 Obesity paradox caused by previous history – medical and medication history

The potential mechanism underlying the obesity paradox may indeed be rooted in timely lifestyle management and medication for obesity-related complications. Often regarded as a silent killer, obese patients with AAA are initially diagnosed and treated for obesity-related comorbidities and complications.

Prospective trials have demonstrated a positive correlation between the incidence of AAAs and BMI as well as waist circumference, similarly observed with diabetes (85, 86). However, a threshold for AAA incidence is noted as waist circumference increases, attributed to the protective effect of diabetes on AAA (42, 87, 88). Despite diabetes being a recognized risk factor for cardiovascular disease, it exhibits an inverse association with the onset, development, and mortality of AAA (87–90). Notably, the protective effect of diabetes is heightened when obesity is controlled (87). One explanation for this phenomenon lies in the usage of hypoglycemic agents, such as metformin and Dapagliflozin (an SGLT-2 inhibitor), which exert anti-inflammatory and anti-aging effects, influencing mechanisms involved in the formation of both experimental and clinical AAA (91–93).

Furthermore, while dyslipidemia and atherosclerosis promote the occurrence and incidence of AAA, vascular calcification has been shown to stabilize the aortic aneurysm wall, potentially preventing AAA dilatation and reducing the risk of rupture and mortality (94, 95). It is demonstrated that established atherosclerosis accelerates AAA growth is limited (96). This discrepancy may stem from different phenotypes between substantial atherosclerosis and clinically insignificant atherosclerosis in AAA patients (8). Moreover, the use of lipid-lowering drugs, such as statins, may contribute to this phenomenon. Nevertheless, calcification has been associated with medial layer degradation and reduced AAA wall tissue content. The mismatch in material compliance between calcification and wall tissue leads to local high stress concentration in adjacent tissue areas, ultimately increasing the risk of AAA rupture (97, 98). The specific mechanism still needs to be further explored.

Furthermore, angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin receptor blockers (ARBs), two common antihypertensive agents, have been found to be inversely associated with AAA mortality (58). Telmisartan, an angiotensin-converting enzyme inhibitor known for its antihypertensive properties, has been demonstrated to prevent the development of experimental AAA by inhibiting the angiotensin II type 1a (AT1a) receptor. However, the clinical treatment effect of telmisartan for small AAA is not significant (99, 100).




4.2 Obesity paradox caused by obesity evaluation index—BMI paradox

BMI has traditionally served as a readily accessible but imperfect surrogate for obesity. With only height and weight considered, BMI fails to capture the impact of central obesity on cardiovascular disease, diminishing its utility as a measure of obesity (101, 102). Indeed, studies have indicated that obesity, as represented by BMI, exhibits no significant association with AAA-related morbidity and is even inversely associated with AAA mortality (12, 87).However, when BMI is further dissected into fat and fat-free mass index, a negative correlation between fat-free mass and AAA morbidity emerges, highlighting the inadequacy of BMI alone in describing adipose tissue mass, distribution, and function (12). As the understanding of obesity deepens and imaging technology advances, more accurate measures of obesity have emerged, such as physical activity, physical activity, VAT area, PVAT density, and epicardial adipose tissue volume (EATV) (16, 103). Physical activity is known to improve cardiovascular health, reduce inflammation, and enhance metabolic profiles, all of which can positively impact the progression and management of AAA (77). While physical activity contributes to maintaining a healthy weight and reducing visceral fat, studies have noted that accurately quantifying physical activity levels can be challenging, and self-reported activity may not always reflect true levels. Additionally, cardiorespiratory fitness (CRF) is frequently mentioned as an important metric for assessing obesity. CRF has been demonstrated to be a robust indicator of overall cardiovascular health and is often a better predictor of mortality and morbidity than BMI (104). High CRF levels are associated with improved vascular function, lower inflammation, and reduced cardiovascular risk. Visceral adipose tissue (VAT) and perivascular adipose tissue (PVAT) exert a greater and more direct impact on the cardiovascular system compared to subcutaneous adipose tissue, which has been shown to have minimal influence on cardiovascular disease (105). Future studies should aim to integrate these indices to evaluate their combined impact on the progression and management of AAA. This approach can help to identify at-risk individuals more accurately and develop tailored intervention strategies that address both weight management and overall cardiovascular fitness.





5 Weight loss and prehabilitation in AAA

It has been reported that severely obese patients undergoing AAA repair experience higher postoperative mortality, longer average hospital stays, and increased total hospital costs, primarily attributed to thromboembolism, wound infection, and renal complications (24, 106). Based on the modified Johns Hopkins surgical criteria, aortic surgery is considered high-risk with a cardiac risk exceeding 5% (107). During open aortic repair (OAR), excess fat can lead to challenges such as increased incision length, surgical dissection difficulty, prolonged surgery and anesthesia duration, and the need for postoperative ventilatory support, all of which elevate the risk of surgery and contribute to higher perioperative mortality (108). Although mortality rates do not increase with EVAR, severely obese patients face a higher risk of stroke and wound complications consistent with those observed in OAR (109). Furthermore, prolonged surgical incisions and excess fat can impede wound healing, potentially leading to graft infection, sepsis, and fatal outcomes (78).

Preoperative weight loss in severely obese patients has been shown to reduce perioperative risk. Similar to other cardiovascular diseases, moderate preoperative physical activity in AAA patients is beneficial, reducing the risk of cardiac, renal, and respiratory complications while maintaining safety (110, 111). Indeed, preoperative weight loss can be considered a form of prehabilitation, enhancing cardiopulmonary function reserve and positively impacting postoperative recovery. Studies have demonstrated that Angiotensin II-induced AAA mice fed a low-fat diet exhibit reduced abdominal aortic diameter and neovascularization compared to those fed a high-fat diet (112).

Moreover, a prospective randomized controlled trial involving 56 AAA patients revealed that participation in a community exercise program significantly improved peak oxygen consumption (VO2) starting at week 16 and also enhanced triglyceride levels and health-related quality of life, significantly impacting perioperative mortality of AAA (113). Additionally, an interventional study involving 144 overweight and obese patients showed that weight loss induced by calorie restriction may reduce both thoracic and abdominal aortic diameters, although further investigation is required to ascertain their impact on AAA development prevention (114). However, a meta-analysis has indicated that prehabilitation exercise therapy may not reduce perioperative complications or length of hospital stay in AAA patients (115). This discrepancy could be attributed to the lack of separate comparisons among patients with different weight levels.

In addition to the aforementioned preoperative physical activity, medical interventions targeting severe obesity have been shown to reduce perioperative mortality in AAA. Several medical interventions aimed at treating obesity have shown promise in mitigating the progression of AAA. Pharmacological treatments, such as the use of statins, have been associated with both weight reduction and a decrease in the progression of AAA. Statins, known for their lipid-lowering effects, also possess anti-inflammatory properties that can help reduce the chronic inflammation associated with both obesity and AAA (116).Additionally, medications such as antihypertensives and antidiabetic agents may indirectly influence AAA progression by controlling blood pressure and glucose levels, thereby reducing vascular stress and inflammation (117). Despite substantial evidence indicating that bariatric surgeries, including gastric bypass and sleeve gastrectomy, can significantly reduce obesity-related perioperative mortality, there is a lack of specific reports on AAA, possibly due to issues related to the timing of surgery (118).

Building upon this understanding, we hypothesize that severe obese patients with AAA, who do not currently meet surgical criteria, can achieve a state of mild obesity through guided physical activity and diet control overseen by healthcare professionals. This approach could potentially reduce perioperative complications and delay the progression to surgical intervention, thus alleviating the economic burden on society.

Admittedly, this hypothesis warrants further investigation through both retrospective and prospective studies to assess its safety and feasibility. Such studies would provide valuable guidance in determining the efficacy and potential benefits of implementing physical activity and medical interventions in severe obese patients with AAA.




6 Discussion

This review comprehensively explores the relationship between obesity and AAA morbidity, perioperative mortality, and delves into the obesity paradox within AAA disease, analyzing its multifaceted causes. It emphasizes that both AAA and obesity are chronic aging diseases, shedding light on their intricate interplay. Furthermore, the review briefly discusses and looks ahead to the potential of preoperative prehabilitation for AAA patients.

AAA has long been conceptualized as a manifestation of aortic aging, characterized by various histological changes. With advancing age, the aorta undergoes processes such as endothelial cell apoptosis, a switch in smooth muscle contraction phenotype, inflammation infiltration, and elastin degeneration (8, 119). At the cytological level, clinical studies have indicated decreased telomerase expression in the aortic endothelial nucleus of AAA patients compared to non-AAA individuals (120). Moreover, lysosome autophagy function is compromised in AAA. The TFEB gene, a crucial regulator of autophagy and lysosomal biogenesis, plays a pivotal role in maintaining cellular homeostasis. Experimental evidence has shown that TFEB gene knockdown in mouse VSMCs exacerbates the progression of experimental AAA (121).

In addition, several anti-aging drugs, including spermidine and polyunsaturated fatty acids, have demonstrated protective effects against the occurrence and progression of AAA in animal models by mitigating inflammatory infiltration, modulating autophagy, and preserving smooth muscle contraction phenotype (122, 123). However, randomized controlled clinical trials have yielded inconclusive results regarding the efficacy of polyunsaturated fatty acids in inhibiting or reversing the progression of AAAs. Despite their potential to improve the fatty acid profile and reduce vascular inflammatory infiltration and arterial stiffness in AAA patients, there remains insufficient evidence to support their role in halting or reversing AAA progression (124, 125).

Furthermore, adipocyte accumulation, particularly visceral fat associated with central obesity, contributes to systemic aging by promoting the secretion of inflammatory cytokines and altering the secretion of adipokines. This aging effect extends beyond blood vessels to affect other physiological systems, including the musculoskeletal and metabolic systems (126–128). Therefore, obesity can be viewed as a form of systemic aging.

Interestingly, the degree of obesity does not exhibit a linear correlation with perioperative mortality in AAA patients, despite representing systemic aging. This phenomenon, known as the obesity paradox, is not unique to AAA but is also observed in various other cardiovascular and non-cardiovascular diseases, such as coronary heart disease, cancer, and COPD (129–132). For instance, a randomized controlled clinical trial involving patients with hypertension and coronary heart disease revealed that individuals with a BMI of 25-30 kg/m2 had the lowest perioperative risk and risk of death compared to normal-weight patients (131). Similarly, a meta-analysis involving patients with colorectal cancer demonstrated that overweight patients had better overall, disease-free, and cancer-specific survival than normal-weight patients (129).

The obesity paradox is predominantly observed in chronic diseases and is more prevalent among the elderly population. This phenomenon may stem from the complex interplay between chronic disease consumption and aging-related changes in the body, leading to decreased protein content, immune system disorders, weakened resistance, and increased mortality (133, 134). Notably, observational studies have shown that malnutrition and cachexia result in poor long-term survival after EVAR despite reductions in total body fat (135–137). This suggests that the essence of the obesity paradox lies not solely in total body adipose content but in the overall aging condition of the body. Additionally, adipose tissue can serve as an energy source for chronic disease consumption in patients with poor general body condition, providing theoretical support for perioperative prehabilitation strategies.

While weight loss methods such as physical activity and medical interventions have demonstrated benefits in reducing abdominal aorta diameter and improving perioperative outcomes, there is currently insufficient high-level evidence to support its effectiveness in reducing perioperative complications of AAA. This lack of evidence is reflected in guidelines such as those from the National Institute for Health and Care Excellence (NICE) (9, 113, 115). Therefore, the appropriate population for prehabilitation interventions targeting weight loss in AAA patients requires further clarification.

Given the significant role of obesity in the development, progression, and treatment of abdominal aortic aneurysms (AAA), it is crucial to develop screening, monitoring, and intervention strategies tailored to the varying degrees of obesity in patients at risk for AAA. Firstly, current guidelines could be enhanced by incorporating obesity-specific risk factors, such as body mass index (BMI) and waist circumference, to identify high-risk individuals earlier. Advanced imaging techniques, such as ultrasound and CT angiography, should be considered for regular monitoring of obese patients with known AAA. Secondly, regular assessments of inflammatory markers (e.g., CRP, IL-6) and metabolic parameters (e.g., blood glucose, lipid profiles) can provide insights into the progression of AAA and the effectiveness of intervention strategies. Wearable technology and telemedicine can also play a role in improving the frequency and convenience of monitoring for patients. Lastly, medical interventions, such as the use of statins and antihypertensive drugs, can help control underlying risk factors. For patients with severe obesity, bariatric surgery should be considered not only for weight loss but also for its potential benefits in reducing perioperative risks and inflammation associated with AAA. Furthermore, lifestyle interventions, including diet and exercise programs, should be customized to ensure long-term adherence and effectiveness.

Additionally, the methods and strategies for achieving weight loss in patients with AAA need to be further explored. It is essential to strike a balance between reducing the risk of AAA rupture and facilitating rapid rehabilitation. This balance poses an urgent problem that needs to be addressed through continued research and clinical practice. Future studies should focus on identifying effective and safe approaches to weight loss in AAA patients and evaluating their impact on perioperative complications and overall outcomes. Moreover, individualized approaches considering the unique characteristics and needs of AAA patients may be necessary to optimize outcomes while minimizing risks (Figure 2).

[image: Illustration of the obesity paradox in vascular aging. A central figure represents obesity, with arrows indicating concepts like hypertension, paracrine and endocrine actions, atherosclerosis, and thrombosis. Insets show macrophage cells, functional and dysfunctional mitochondria, and VSMCs. It contrasts severe and mild obesity's impact on vascular aging. The BMI and previous history paradoxes are also depicted.]
Figure 2 | Obesity paradox in abdominal aortic aneurysm. Severe obesity leads to a high morbidity and mortality of abdominal aortic aneurysm through the endocrine/paracrine function of adipose tissue and obesity-related comorbidities and complications. Mild obese patients with abdominal aortic aneurysm have a better prognosis, mainly because of improved energy uptake and utilization and regulation of the perivascular environment. The main difference between severe obesity and mild obesity is the degree of systemic aging, and the effect of obesity on abdominal aortic aneurysm is essentially the embodiment of systemic aging in vascular disease. BMI, Body Mass Index; VAT, Visceral Adipose Tissue; PVAT, Perivascular Adipose Tissue. (This figure is supported by Figdraw).




7 Conclusions

In summary, severe obesity is associated with an increased risk of developing AAA and contributes to higher perioperative mortality, largely due to its complications and endocrine effects. Conversely, mild obesity appears to be protective against AAA mortality. While these observations may seem contradictory, they likely stem from factors such as measurement limitations and patients’ medical histories. However, the notion of an obesity paradox in AAA is better understood as a reflection of systemic aging in abdominal aortic disease.

Furthermore, we discussed the significance of preoperative weight loss for severe obese patients with AAA, emphasizing the importance of timing and methodology in achieving optimal outcomes. Addressing obesity prior to surgery may help mitigate perioperative risks and improve overall prognosis. However, further research is needed to better understand the mechanisms underlying these relationships and to refine strategies for preoperative weight management in AAA patients.
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Background

Gut microbiota has significant impact on the cardio-metabolism and inflammation, and is implicated in the pathogenesis and progression of atherosclerosis. However, the long-term prospective association between trimethylamine N-oxide (TMAO) level and major adverse clinical events (MACEs) in patients with coronary artery disease (CAD) with or without diabetes mellitus (DM) habitus remains to be investigated.





Methods

This prospective, single-center cohort study enrolled 2090 hospitalized CAD patients confirmed by angiography at Beijing Hospital from 2017-2020. TMAO levels were performed using liquid chromatography-tandem mass spectrometry. The composite outcome of MACEs was identified by clinic visits or interviews annually. Multivariate Cox regression analysis, Kaplan-Meier analysis, and restricted cubic splines were mainly used to explore the relationship between TMAO levels and MACEs based on diabetes mellitus (DM) habitus.





Results

During the median follow-up period of 54 (41, 68) months, 266 (12.7%) developed MACEs. Higher TMAO levels, using the tertile cut-off value of 318.28 ng/mL, were significantly found to be positive dose-independent for developing MACEs, especially in patients with DM (HR 1.744, 95%CI 1.084-2.808, p = 0.022).





Conclusions

Higher levels of TMAO are significantly associated with long-term MACEs among CAD patients with DM. The combination of TMAO in patients with CAD and DM is beneficial for risk stratification and prognosis.





Keywords: trimethylamine N-oxide, coronary artery disease, diabetes mellitus, major adverse cardiovascular events, prospective cohort study




1 Introduction

Coronary artery disease (CAD) is a prevalent and escalating public health concern that significantly contributes to the global burden of morbidity and mortality (1). Diabetes mellitus (DM) is recognized as major risk factor for cardiovascular complications (2). Cardiovascular events are the primary cause of morbidity and mortality in individuals with diabetes, who have a twofold higher risk of cardiovascular events than non-diabetic individuals (3–5). Early detection and management of these risk factors may significantly reduce the incidence or delay the onset of major adverse clinical events (MACEs) and improve our understanding of the pathophysiology of CAD (6).

Previous publications had identified that the gut microbiota as a novel contributor to the progression of cardiovascular disease (CVD) and DM, which transforms dietary choline, betaine, and carnitine into trimethylamine (TMA) (7). Subsequently, the trimethylamine N-oxide (TMAO) were transformed from TMA oxidation by flavin-containing monooxygenase-3 (FMO3) in the liver (8).Preclinical studies have elucidated the role of TMAO elucidated the role of TMAO in disrupting glucose and lipid homeostasis, leading to glucose intolerance, insulin resistance, and oxidative stress in adipose tissue (9, 10). Plasma TMAO has been associated with cardiovascular disease (CVD) in clinical and population-based studies, with further evidence indicating proatherogenic and prothrombotic functions (11, 12). However, the predictive value of TMAO levels in patients suffering from coronary artery disease with and without diabetes mellitus has not been clarified. The objective of our study is to explore the association between plasma TMAO levels and the incidence of MACEs among participants in the Beijing Hospital Atherosclerosis Study (BHAS), stratified by the presence of DM.




2 Materials and methods



2.1 Protocol design and populations

The BHAS study is a prospective, single-center, observational cohort study, which included 2970 coronary angiographic patients complained for chest pain in Beijing Hospital from March 2017 to March 2020. The exclusion criteria were as follows: (I) have undergone an aortic dissection, have a pulmonary embolism, malignant tumor, autoimmune disorder, severe infectious disease, or trauma, have undergone a recent surgical procedure, have had severe heart failure with a left ventricular ejection fraction <20%, have liver dysfunction [alanine amino transferase (ALT) level >135 U/L], severe renal dysfunction [creatinine (Cr) >4.0 mg/dL], or blood-borne infectious diseases, including human immune-deficiency virus/acquired immunodeficiency syndrome, hepatitis B, or hepatitis C; (II) have a significant malignancy or tumor disease that will require advanced medical or surgical therapy or both in the following year; (III) have other major systemic diseases that will require hospitalization or operation in the following year; (IV) are unable or unwilling to be followed up during the subsequent 1-year period; (V) have a life expectancy of <12 months; (VI) are unable to complete the baseline questionnaires; and/or (VII) are pregnant or nursing, suffering from alcoholism or drug abuse, or have a mental illness for which they are undergoing treatment (13). After recruitment, all patients were given a detailed written consent form explaining the study's objectives, duration, and specimen collection. This study was screened and approved by the Beijing Hospital Ethics Committee (2016BJYYEC-121-02) and registered at ClinicalTrials.gov, NCT03072797. This study followed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting guideline for cohort studies.




2.2 Clinical and laboratory data

We collected demographic and medical history data such as sex, age, height, weight, and blood pressure; history of DM, hypertension (HTN), dyslipidemia, and stroke; family history of premature CAD; and current smoking status. Blood samples were collected in the morning after an overnight fast using regular vacuum tubes. The serum was separated within two hours, and aliquots were coded and stored at -80°C until analysis. Blood was obtained by puncture of the radial artery prior to CAG and TMAO measurements were performed using liquid chromatography-tandem mass spectrometry. Liquid chromatography separation is performed using an Agilent 1260 Series High-performance liquid chromatography system (Santa Clara, CA, USA). Tandem mass spectrometry (MS)/MS detection is carried out on an AB Sciex 5500 QTRAP system (Framingham, MA, USA) with both positive and negative electronic spray ionization in multiple-reaction monitor mode. All patient samples will be analyzed, with 88 samples in each run. Additionally, 2 quality controls materials will be measured in each run to monitor inter-run variations. The quantification was carried out by the standard curve internal standard method, and the concentration of TMAO in the standard solution was the x-axis, and the corresponding ratio of TMAO to the peak area of the internal standard was the y-axis, and linear regression was carried out. The peak area ratio of TMAO to the internal standard in each sample was brought into the regression equation to calculate the TMAO concentration (13). Other laboratory assays were evaluated in the clinical laboratory of Beijing Hospital using assay kits from Sekisui Medical Technologies (Osaka, Japan) on a Hitachi 7180 chemistry analyzer.




2.3 Diagnosis of CAD

The diagnosis of CAD was established utilizing the patient’s electronic medical records, which primarily involved the examination of coronary angiograms. These angiograms were obtained using standard techniques and recorded by two experienced interventional cardiologists from multiple angles. The built-in QCA software of the Allura Per FD20 Angiography System (Philips Healthcare, Netherlands) analyzed all targeted coronary lesions of the patients. CAD was defined as the presence of stenosis of 50% or higher in diameter in any of the coronary arteries or major branches. Non-CAD subjects had stenosis of less than 50% or negative findings in computed tomography of the coronary arteries or stress myocardial perfusion imaging.




2.4 Outcome and follow-up

The endpoint was the composite outcome of MACEs, which included nonfatal myocardial infarction, stroke, and all-cause mortality. The diagnosis of myocardial infarction (MI) was based on the fourth universal definition, which included symptoms of ischemia and either ST-segment shifts on electrocardiography or elevated troponin levels. Ischemic stroke was diagnosed by confirming an acute neurological deficit through computed tomography or magnetic resonance imaging. Patients were followed up by clinic revisit or telephone interviews annually, and adverse incidents were recorded during each visit.




2.5 Statistical analysis

Continuous variables were expressed with means or medians, and compared using Student t-tests or Mann-Whitney U tests. Categorical variables are expressed as numbers/percentages and compared with the chi-square test. We used both univariate and multivariate Cox proportional hazard models to investigate the connection between TMAO and MACEs. To determine if the link between TMAO and MACEs was statistically significant, we calculated the hazard ratio (HR) based on the TMAO concentration decile. Additionally, we conducted Kaplan–Meier analysis to determine the time to MACE, accounting for the tertile of TMAO concentrations for DM and non-DM patients (371.59 ng/mL and 265.28 ng/mL, respectively). We compared the survival curves using the log-rank test. To flexibly model the relationship between TMAO levels and MACEs in patients with and without DM, we utilized restricted cubic splines (RCS) with four knots at the 5th, 25th, 75th, and 95th centiles. The tertile concentrations of TMAO (371.59 ng/mL and 265.28 ng/mL, respectively) served as the reference. Model 1 was the base design and did not adjust for any confounders. The effects of age, gender, BMI, current smoking on outcomes were considered in Model 2. Model 3 builds on model 2 by considering the following confounders: hypertension, hyperlipidemia, DM, stroke, family history of premature CAD, prior PCI, Creatinine, ALT, AST, revascularization. All statistical analyses were conducted using SPSS software (version 26.0, SPSS Inc., Chicago, IL, USA) and R (version 4.0.3). Two-tailed with p-values < 0.05 were considered statistically significant.





3 Results



3.1 Baseline characteristics

Among the total of 2970 patients undergoing coronary angiography in BHAS, 289 CAD patients lost follow-up, and 2090 patients ultimately entered this study and completed the follow-up process, as shown in Supplementary Figure 1. The mean age of the patients was 66.2 years, and 66.6% being male, with 52.3% being DM. The patients were divided into three groups based on their TMAO levels:the low TMAO group (Tertile 1 group), the middle TMAO group (Tertile 2 group), and the high TMAO group (Tertile 3 group). In Table 1, the CAD patients in Tertile 3 group were more older, more likely to be with hypertension, DM, and a history of stroke. More individuals are taking angiotensin converting enzyme inhibitors or angiotensin receptor blocker. Additionally, CAD patients in the high TMAO group exhibit higher levels of blood glucose, creatinine. The patients in the MACEs group were older and more likely to have diabetes mellitus, and a history of stroke, and higher creatine levels and TMAO levels (Supplementary Table 1). The median concentration of TMAO was higher in the MACEs group than in the non-MACEs group [302.61 (157.54-515.40) ng/mL vs. 215.53 (129.22-371.84) ng/mL, p < 0.001]. As shown in Figure 1, To provide a more intuitive representation of the differences in TMAO levels between groups, we took the logarithm of TMAO levels as the vertical axis and created violin plots to display the TMAO levels in the overall population, MACEs group, and non-MACEs group. In Supplementary Table 2, patients with DM had significantly higher levels of TMAO than patients without DM [192.66 (122.54, 307.68) ng/mL vs. 264.89 (144.66, 442.40) ng/mL, respectively, p <0.001].

Table 1 | Baseline demographics and clinical characteristics.


[image: A table showing three tertiles (Tertile 1, Tertile 2, Tertile 3) of 2,090 participants with various variables comparing demographics, laboratory tests, and medication at discharge. It includes age, gender, BMI, smoking status, hypertension, hyperlipidemia, diabetes mellitus, stroke, statin use, premature CAD history, and PCI history. Laboratory tests listed are cholesterol levels, fasting blood glucose, ALT, AST, and creatinine. Medications include Aspirin, Clopidogrel, Ticagrelor, ACEI/ARB, and β-blockers. Statistical significance is indicated by p-values.]
[image: Violin plot showing the distribution of TMAO levels in CAD patients. Three groups are compared: Total (n=2090) in red, Non-MACEs (n=1824) in green, and MACEs (n=266) in blue. Each plot displays a box plot inside the violin shape, illustrating the data spread and density.]
Figure 1 | Violin plots of the distribution of TMAO levels in CAD patients. Different color dots represent measured TMAO levels in different groups; The top of the box: 75th percentile; The horizontal line: 50th percentile (median); The bottom of the box: 25th percentile; A line represents the distribution area of the 95% confidence interval of the data. TAMO, trimethylamine N-oxide; MACEs, major adverse cardiovascular events.




3.2 The impact of high TMAO levels on MACEs in the overall cohort

During median follow-up of 54 (41, 68)  levemonths, 266 (12.7%) patients reached MACEs, including 152(57.1%)deaths, 48(18.0%)nonfatal myocardial infarctions, and 66(24.8%)strokes. To analyze the effect of different levels of TMAO on MACEs outcomes, TMAO levels were analyzed in deciles. Patients with TMAOls above decile 8 (TMAO≥342.18 ng/mL) had a significantly higher risk of MACEs than those in the first decile. The risk increased in patients in decile 8 (HR 1.843, 95% CI: 1.073-3. 167, p = 0.027), decile 9 (HR 2.312, 95% CI: 1.366-3.914, p = 0.002), and decile 10 (HR 2.373, 95% CI: 1.401-4.019, p = 0.001) (Figure 2). In Table 2, multivariate Cox analysis showed that TMAO levels in the tertile 3 group, the MACEs risk increased by 47.7% more than that in the tertile 1 group (HR=1.474, 95% CI: 1.079- 2.022, p = 0.015).

[image: Graph showing hazard ratios (HR) and 95% confidence intervals (CI) for TMAO levels across deciles. The x-axis represents TMAO (ng/mL) by decile, and the y-axis represents HR (95% CI). HR increases across deciles, with error bars extending upwards, indicating increasing risk with higher TMAO levels. Dashed line marks HR of 1.]
Figure 2 | Hazard ratio by decile of TMAO. TMAO, trimethylamine N-oxide. Filled circles and vertical lines indicate the hazard ratio and 95% CI for deciles 2 to 10 of TMAO relative to decile 1. Decile 1 (TMAO < 76.91 ng/mL); decile 2 (76.91 ≤ TMAO < 115.59 ng/mL); decile 3 (115.59 ≤ TMAO < 149.87 ng/mL); decile 4 (149.87 ≤ TMAO < 184.70 ng/mL); decile 5 (184.70 ≤ TMAO < 223.83 ng/mL); decile 6 (223.83 ≤ TMAO < 274.38 ng/mL); decile 7 (274.38 ≤ TMAO < 342. 18 ng/mL); decile 8 (342.18 ≤ TMAO < 438.00 ng/mL); decile 9 (438.00 ≤ TMAO < 642.80 ng/mL); decile 10 (TMAO ≥ 642.80 ng/mL).

Table 2 | Relationship between MACEs and TMAO Levels, stratified by DM, in the multivariate Cox regression analysis model.


[image: Table comparing hazard ratios (HR) and p-values across three models for coronary artery disease (CAD) in different tertiles and groups: CAD, CAD with diabetes (CAD-DM), and CAD without diabetes (CAD-non-DM). Model 1 shows crude risk, Model 2 adjusts for variables like age, gender, BMI, and smoking, and Model 3 includes additional factors such as hypertension and hyperlipidemia. For CAD, tertile 3 consistently shows significant HRs compared to tertile 1. Model notes include definitions and abbreviations for terms like TMAO and BMI.]



3.3 Analysis of the nonlinear relationship between TMAO and MACEs

We examined the connection between TMAO concentrations and the likelihood of MACEs in CAD patients using restricted cubic splines. As demonstrated in Figure 3A, the association was not linear across the entire distribution; we observed a threshold effect, with apparent dose–response associations at higher levels. The risk of MACEs was relatively flat until approximately 318.28 ng/mL TMAO and then increased rapidly afterwards (p for nonlinearity <0.001). For patients with DM, we found that the risk of MACEs increased with increasing TMAO concentrations, reaching 371.59 ng/mL (p for nonlinearity = 0.023), as shown in Figure 3B. For non-DM patients, the risk of MACEs increased progressively with increasing TMAO concentrations above 265.28 ng/mL (p for nonlinearity = 0.026), as shown in Figure 3C.

[image: Graphs labeled A, B, and C show the relationship between TMAO concentration (ng/mL) and hazard ratio (HR) with 95% confidence intervals. All graphs depict an upward trend of HR as TMAO increases. Graph A ranges to 3000 ng/mL with HR peaking above 6. Graph B reaches 2000 ng/mL with HR under 4. Graph C extends to 1500 ng/mL with HR under 3. Shaded areas represent confidence intervals.]
Figure 3 | Restricted cubic spline analysis of MACEs risk as a function of TMAO concentration in CAD patients (A), CAD with DM patients (B), and CAD with non-DM patients (C). MACEs, major adverse cardiovascular events; TMAO, trimethylamine N-oxide; CAD, coronary artery disease.




3.4 The role of TMAO in predicting MACEs in CAD patients with and without DM

In patients with DM, the risk of MACEs was significantly higher in those with TMAO levels above 371.59 ng/mL (HR = 1.744, 95% CI 1.084- 2.808, p = 0.022). However, in non-DM patients, neither continuous nor categorical variables were associated with independent risk for MACEs (p > 0.05) (Table 2). Kaplan–Meier analysis showed that the cumulative MACE event rate. As evidenced by the Kaplan–Meier analysis in Figure 4, CAD patients in tertile 3 group (TMAO levels >318.28 ng/mL) experienced a cumulative event rate for MACEs of 12.7% (266 out of 2090) after 54 months of follow-up. As shown in Supplementary Figures 2A, B, the risk of MACEs was higher in DM patients with higher TMAO levels (> 371.59 ng/mL) and in non-DM patients with higher TMAO levels (> 265.28 ng/mL).

[image: Kaplan-Meier survival curve for CAD showing freedom from major adverse cardiovascular events (MACEs) over time for three tertiles. Tertile 1 (green), Tertile 2 (blue), Tertile 3 (red). Tertile 3 shows the lowest survival rate. Log-rank p-value is less than 0.001. Time is measured in months along the x-axis.]
Figure 4 | Kaplan–Meier curves for MACEs according to TMAO levels in CAD patients. DM, diabetes mellitus; TMAO, trimethylamine N-oxide; MACEs, major adverse clinical events.

The median TMAO level of 223.83 ng/mL was used as the cut-off value, and further analysis of MACEs according to TMAO levels and DM were analyzed. Kaplan–Meier curve analysis showed that patients with both high TMAO levels (>223.83 ng/mL) and DM had a markedly higher cumulative incidence of MACEs than patients with low TMAO levels (<223.83 ng/mL) and non-DM patients (log-rank p < 0.001), as shown in Supplementary Figure 3.




3.5 Subgroup analysis

Next, we conducted the subgroups analysis stratified by age, sex, BMI, hypertension, hyperlipidemia, DM, and stroke in CAD patients. As shown in Supplementary Figure 4. TMAO was associated with MACEs in different subgroups. The results indicated a significant interaction between DM subgroups and TMAO on the risk of MACEs (p for interaction<0.05). But no interaction was found in other groups. Additionally, we performed stratified analyses on patients with and without diabetes, including factors such as age, gender, BMI, hypertension, hyperlipidemia, and stroke. Intuitive forest plots were created to illustrate the impact of TMAO on MACEs under different stratification conditions, as shown in Supplementary Figures 5, 6. In patients with and without diabetes, no interaction was found between TMAO levels and age, gender, BMI, hypertension, hyperlipidemia, or stroke(p for interaction > 0.05).

In addition, We conducted sensitivity analysis on the primary composite endpoint and found that, compared to the Tertile1 group, patients with high TMAO levels (Tertile 3 group)had a higher risk of stroke (HR=1.921, 95% CI 1.005-3.499, p=0.033) and all-cause mortality (HR=3.128, 95% CI 2.075-4.715, p < 0.001). However, statistical significance was not observed in terms of nonfatal myocardial infarction.





4 Discussion

In this cohort study, we discovered several important findings. First, we observed that CAD patients with high levels of TMAO in their bloodstream were more likely to experience MACEs. The positive correlation between peripheral TMAO levels and adverse prognosis has been previously reported in the general population, but our study specifically explored this relationship in CAD patients with DM. We found that people with DM had higher TMAO levels than those without DM. In CAD patients with DM, but not those without DM, high TMAO levels were linked to an increased risk of MACEs, even following the adjustment for traditional risk factors. Furthermore, a nonlinear relationship and threshold effects of TMAO were found for MACEs in CAD and CAD-DM patients, with TMAO turning points of 318.28 ng/mL and 371.59 ng/mL, respectively.

Existing studies have revealed that TMAO is an independent risk factor for cardiovascular disease, and experts such as Ringel et al. have found that TMAO levels can predict long-term mortality in patients with suspected CAD (14). Kuo et al. (15) revealed a positive association between serum TMAO level and MetS among patients with CAD. Matsuzawa et al. (16) have also researched the subject and found that chronic increases in TMAO levels can independently predict future cardiovascular events. Through our research, we discovered that patients with CAD who have high levels of TMAO are more likely to develop MACEs. This finding is consistent with previous studies on the subject. Additionally, our study revealed a threshold effect, indicating a nonlinear correlation between TMAO concentration and MACEs, with a clear dose-response relationship. Hence, it is conceivable that higher TMAO concentrations correlate with increased risks of MACE in populations with CAD. TMAO is a metabolite produced by the intestinal flora, and it has gained significant attention in recent years due to its potential role in cardiovascular disease (17). It has a complex impact on cardiovascular disease. It contributes to the development of atherosclerosis through its effects on cholesterol and sterol metabolism and enhances macrophage cholesterol aggregation. TMAO also promotes inflammation (18, 19), causes endothelial cell dysfunction (20), increases platelet activation, and stimulates thrombosis (21, 22), all of which are key pathophysiological mechanisms of cardiovascular adverse events linked to TMAO. Overall, our study again highlights the importance of monitoring TMAO levels in patients with CAD to mitigate the risk of MACEs.

The prevalence of DM has become a major concern for public health. Cardiovascular disease is the most prevalent and perilous complication that can arise from diabetes, often resulting in mortality for those who suffer from this condition (20, 23). The microbiota regulates the levels of bioactive metabolites in the plasma, acting as a new endocrine organ (24). Studies show that diet and gut microbiota play a crucial role in the initiation and progression of DM (25). Numerous studies conducted on both animals and humans have shown that the gut microbiota has a crucial impact on the overall metabolism of the host and is linked with cardiometabolic diseases, such as DM (26–28). People with both DM and CAD experience notable changes in their gut microbiota, including reduced diversity and functional differences in the metagenome (29). Studies have shown that alterations in diet and gut microbiota, rather than genetics, have a notable effect on TMAO levels in both mice and humans (29). Studies on animals have revealed that diabetic db/db mice have TMAO levels 10 times higher than nondiabetic db/db mice (30). We found similar results in our study on humans. DM patients had higher TMAO levels (264.89 ng/mL) than non-DM patients (192.66 ng/mL).

Li et al. (31) found that higher serum TMAO was associated with a higher risk of type-2 diabetes and an increase in fasting glucose among middle-aged and older Chinese adults. A recent meta-analysis showed a positive dose-dependent relationship between the levels of circulating TMAO and an increased risk of type-2 diabetes mellitus (9). Previous research has shown that higher plasma levels of TMAO are associated with stroke severity and has suggested a link between plasma levels of TMAO and glycemic changes in diabetes patients with acute ischemic stroke. To date, few studies have reported the association between TMAO levels and prognosis in DM patients. Our study found that in CAD patients with DM, rather than non-DM patients, TMAO levels independently predicted poor prognosis during a maximum 6-year follow-up.

The relationship between TMAO and DM seems to be interactive. A recent study found that TMAO levels in human beings may be associated with higher glucose and lipids, circulating TMAO may be potential biomarkers of interest in the development of type 2 diabetes (32). In addition, in mice fed a high-fat diet, adding TMAO worsens glucose tolerance, obstructs hepatic insulin signaling, and causes inflammation in adipose tissue. Moreover, a decrease in choline, a precursor of TMAO, was significantly linked with a 2-year enhancement in glucose and insulin resistance (10). An increase in TMAO and related metabolites can negatively impact glucose and insulin resistance, potentially contributing to the development of DM. The link between TMAO and insulin resistance may be due to increased N-nitroso compounds (NOCs). These compounds were shown to be associated with the development of insulin-resistant conditions such as DM (33). Insulin resistance and subsequently increased insulin levels are linked to heightened FMO3 activity, which in turn leads to elevated levels of TMAO (34). When TMAO levels in the bloodstream are high, there is a reduction in the expression of enzymes and proteins involved in bile acid synthesis and transport, which results in a decrease in the overall bile acid pool size (35). A smaller bile acid pool size may lead to obesity and diabetes due to inflammation and reduced energy expenditure (36). In turn, imbalances in gut bacteria among diabetes patients may affect TMAO levels. High blood sugar levels can trigger the overexpression of FMO3, an enzyme involved in the TMAO pathway, which can lead to increased TMAO levels and worsen atherosclerosis (32). It seems to be a vicious circle.

Our study has several limitations. Firstly, the influence of dietary factors on TMAO levels, such as dietary intake from foods like fish, has not been taken into account, and antibiotic use may have influenced TMAO levels, and our study did not include antibiotic use, which could introduce bias. Our study specifically targeted the measurement of TMAO levels, thus we lack data on upstream metabolites such as carnitine, choline, and betaine. Second, this study only measured baseline TMAO levels and did not consider the effect of TMAO variation on MACEs, which needs to be confirmed in future studies. In addition, we were unable to collect data on glucose-lowering medications and information reflecting the severity of the lesions, among other things, which may have biased the results. And further studies are also required to determine whether intervention can reduce the risk of adverse clinical outcomes in CAD patients.




5 Conclusions

In conclusion, our study highlighted the association between elevated TMAO levels and adverse outcomes in CAD patients, especially combined with DM. The measurement of TMAO level could help determine the risk for secondary prevention among CAD patients with DM comorbidity.
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Diabetic cardiomyopathy (DCM) is a severe secondary complication of type 2 diabetes mellitus (T2DM) that is diagnosed as a heart disease occurring in the absence of any previous cardiovascular pathology in diabetic patients. Although it is still lacking an exact definition as it combines aspects of both pathologies – T2DM and heart failure, more evidence comes forward that declares DCM as one complex disease that should be treated separately. It is the ambiguous pathological phenotype, symptoms or biomarkers that makes DCM hard to diagnose and screen for its early onset. This re-view provides an updated look on the novel advances in DCM diagnosis and treatment in the experimental and clinical settings. Management of patients with DCM proposes a challenge by itself and we aim to help navigate and advice clinicians with early screening and pharmacotherapy of DCM.
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1 Introduction

In recent decades, type 2 diabetes mellitus (T2DM) has emerged to become one of the most serious metabolic diseases in the developed world. Incidence of T2DM has skyrocketed as it became a ninth major cause of death. With the incidence of 1 out of 11 adults worldwide it is often described as a pandemic. T2DM, apart from its counterpart type 1 diabetes mellitus (T1DM), is not a congenital disease and is developed during human’s life. A shift from manual work to sedentary lifestyle during 20th century with the combination of longer lifespans both play parts in the emergence of this civilization disease (1).

Although T2DM is usually described as a pathological condition involving high blood glucose (hyperglycemia) and insulin resistance (2), the most severe effects are its complications. Hyperglycemia leads to micro- and macrovascular damage which causes further damage of several organs, most notably nephropathy, neuropathy, retinopathy, and cardiomyopathy (3). Other common complications include diabetic foot, heart attack, stroke, gum disease, sexual dysfunction or cancer (4).

In this review, we focus on diabetic cardiomyopathy (DCM), hence it is considered as one of the most serious secondary complications of T2DM. Type 2 diabetes mellitus has a negative impact on morbidity and mortality of several cardiovascular (CV) diseases and T2DM itself can be a triggering factor of these pathologies and vice versa. On top of that, DCM is usually diagnosed and treated as a separate disease (5). The pathophysiology of DCM consists of cardiac muscle remodeling, hypertrophy (6, 7) and cardiomyocyte cell death (8). However, it has a slightly distinct molecular pathomechanism in contrast with non-diabetic chronic heart failure (HF). There are currently no selective/differentiative diagnostic, nor therapeutic options for these patients.

This review aims to summarize readily available diagnostic and therapeutic tools for cardiologists and diabetologists in the management of DCM patients as well as challenges that current clinical guidelines and practice may pose. Ultimately, we provide an insight into the advances of experimental research and its translation to clinical practice.




2 Pathogenesis of DCM

DCM is usually characterized as a contractile dysfunction with later onset of HF without association to dyslipidemia, hypertension or coronary artery disease, but instead caused by metabolic and humoral disruption in connection with hyperglycemia, hyperinsulinemia and insulin resistance (9–11). Despite the great clinical interest towards DCM, its diagnosis and mapping of its distinctive phenotype, the exact pathogenesis of DCM is intricate.

The two main factors that drive DCM are long-term hyperglycemia and insulin resistance. From there it gets complex. The myocardium is metabolically active organ which is highly flexible regarding its sources of energy. It is primarily fueled by free fatty acids (FFA) (70%) and glucose (30%) (12), however, during diabetes there is a reduction in glucose transporters (GLUT-1 and GLUT-4) (13) making FFA the primary source. On one hand, this situation contributes to the lipotoxicity (accumulation of lipid intermediates) and accumulation of reactive oxygen species (ROS), as β-oxidation saturates and fatty acid degradation increases. On the other hand, excessive circulating glucose that could not be employed in myocardium leads to generation of advanced glycation end products (AGEs) through the hexosamine and polyol protein kinase C (PKC)-activating pathways (12–14). AGEs propose a threat as they induce protein structural changes, collagen cross-links, exacerbates oxidative stress and inflammation, activate PKC and cause irreversible damage to hearts microvasculature (15, 16). Long-term hyperglycemia therefore leads to chronically increased oxidative stress in cardiomyocytes which can cause mitochondrial and DNA damage, lipid peroxidation in the cell membrane and activation of different forms of cell death (17).

Myocardial apoptosis was in fact found to be 85 times more pronounced in diabetic hearts than in non-diabetic (18, 19). Moreover, accumulating evidence has shown that iron-mediated ferroptosis plays significant part in DCM. Main driving factor of ferroptosis is intracellular accumulation of Fe2+ which oversaturates lipid ROS synthesis while antioxidant pathways are inhibited (20). Furthermore, necroptosis, which is another form of programmed necrotic cell death, could be mediated in receptor-interacting protein kinase 3 (RIPK3)-dependent manner upon activation of Ca2+/calmodulin-dependent protein kinase II (CaMKII) in diabetic mice (21). Knockout of RIPK3 leads to decreased activation of CaMKII and to improvement of cardiac function, as well as decreased extent of necroptosis. This is particularly interesting because it has been shown that CaMKII can be upregulated in hyperglycemic conditions and it worsens the heart function leading to arrythmias or pathological remodeling (22, 23). Therefore, a possible future therapy targeting CaMKII activity in heart could be beneficial also for the T2DM and progression of DCM. Pyroptosis, a proinflammatory type of PCD (24), is also involved in the pathogenesis of the DCM and is the least studied one. Actual evidence regarding pyroptosis in DCM encompass activation of NLRP3 (NOD-like receptor 3) and AIM2 (Absent in Melanoma protein 2) inflammasome. It has been suggested that high glucose conditions promote activation of NLPR3 via nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling (25) which in turn activates caspase-1, interleukin-1β (IL-1β) and K+ efflux (26). Moreover, activation of NLPR3 promotes the TGF-β/Smad remodeling pathway leading to fibrosis in DCM even under conditions when inflammasome is not activated (27).

Chronic myocardial inflammatory status is another factor that contributes to DCM. T2DM-associated metabolic disorders (hyperglycemia, hyperlipidemia) can directly induce cytokine expression and release from cardiac cells (28, 29). Moreover, these metabolic derangements can activate systemic and cardiac inflammatory cells, which infiltrate and accumulate at the site of cardiac fibrotic lesions. These cells secrete cytokines and chemokines such as tumor necrosis factor (TNF) (28); interleukins, such as IL-6 (30), IL-1β, TGF-β (31); and interferon-γ (32) that can induce or aggravate cardiac hypertrophy and remodeling. Additionally, these proinflammatory agents are involved in the development of rapid cardiac contractile dysfunction (33, 34). Diabetes-related chronic inflammatory state can therefore produce progressive qualitative damage of myocardial tissue resulting in progressive left ventricular, either systolic or diastolic, functional impairment.

Calcium handling is another aspect that is altered by DCM. Not only is it crucial for excitation-contraction coupling and maintaining cardiomyocyte homeostasis, but its dysregulation also plays role in maladaptive changes that might lead to cardiomyocyte cell death. DCM hinders the activity of multiple Ca2+-handling proteins, including L-type Ca2+ channels or sarcoendoplasmic reticulum Ca2+ ATPase (SERCA), as well as promotes inflammation, oxidative stress and mitochondrial damage (35).

However, diabetes driven effects on heart should not be limited on myocardium only. Coronary circulation is crucial in maintaining blood flow even under pathological states like vessel occlusion or stenosis (36). Micro-/macroangiopathies are well described vessel-targeting phenomena when it comes to diabetic complications (37) and the coronary vessels seem to be no exception. Insulin resistance can generally lead to endothelial dysfunction as high level of ROS hinders NO synthesis. This in turn results in protein kinase G (PKG) downregulation and promotes cardiac hypertrophy (38).

These diverse mechanisms are some of the hidden players responsible for the onset of cardiac remodeling which most frequently manifests as early-on asymptomatic diastolic dysfunction that later progresses into more severe pathological phenotype (9).



2.1 Remodeling and fibrosis in DCM

Long-term T2DM promotes proliferation of cardiac fibroblasts leading to interstitial extracellular matrix (ECM) deposition and myocardial interstitial fibrosis which contributes to LV anatomic and functional remodeling (39). The consequences of these maladaptive changes are increase in myocardial stiffness and reduced ventricular compliance which play a vital role in the development of LV diastolic dysfunction leading to heart failure with preserved ejection fraction (HFpEF), the most common form of HF in T2DM (40). Numerous humoral factors have already been proved to contribute to the pathomechanism of DCM. The best known include activation of the renin-angiotensin-aldosterone system (RAAS), transforming growth factor-β (TGF-β) signaling and advanced glycation end-products, among others.

A number of studies have shown that the RAAS is closely related to myocardial hypertrophy and fibrosis in DCM (6, 7). Increased angiotensin II (Ang II) levels stimulate angiotensin receptor-1 (AT1R) acting directly on cardiac fibroblasts, increasing collagen synthesis and decreasing collagen decomposition, resulting in cardiac hypertrophy and fibrosis (41, 42). Myocardial inflammation in diabetic heart is also mediated by the RAAS and thus promotes cardiac remodeling (7). These changes manifest as reduced ventricular compliance and cardiac systolic and diastolic dysfunction (41, 42).

It is suggested that TGF-β signaling is required for Ang II to induce both cardiac hypertrophy and fibrosis (43). TGF-β is an essential regulator of cardiac fibroblast proliferation and differentiation that contributes to remodeling in DCM. TGF-β1 exerts a strong profibrotic effect on cardiac fibroblasts, myofibroblasts, and other cardiac cells, causing the progression of myocardial fibrosis (40, 44). The TGF-β profibrotic signal in DCM may be due to the direct action of high glucose on TGF-β secretion and activation (34, 45), due to accumulation of AGEs (46), through Ang II pathway activation (47), or as a consequence of changes in the expression of some microRNAs (48). Ultimately, activated TGF-β in the myocardial tissue causes abnormal ECM accumulation, leading to cardiac fibrosis in diabetic heart.

Apart from RAAS or TGF-β, AGEs are specific for various complication of T2DM, including atherosclerosis, heart remodeling and fibrosis in DCM. High glucose levels result in non-enzymatic addition-elimination reaction of sugar carbonyl groups with free amino acids of proteins (49). These defective proteins exert multiple negative effects on vascular endothelial cells and cardiomyocytes, including impairment of collagen degradation by matrix metalloproteinases (MMPs) and cause collagen cross-links. This leads to the loss of collagen elasticity and degradation, increase in cardiac interstitial and perivascular fibrosis and subsequently to a reduction of arterial and myocardial compliance (50, 51). Moreover, AGEs bind to their receptors (RAGE) which are overexpressed in DCM. Upon the activation of RAGE, excessive ROS formation and increased mitogen-activated protein kinase (MAPK) signaling takes place, further enhancing fibrosis, macrophage adhesion and inflammation and ultimately leading to atherosclerosis and cardiac remodeling (15, 16, 52, 53).




2.2 Metabolic impairment leading to DCM

There is a strong animal and clinical evidence that development of T2DM is correlated with low thyroid function. People with lower triiodothyronine (T3) levels have a greater risk of increased blood glucose, impaired insulin sensitivity and T2DM development (54–57). Conversely, patients treated with thyroid hormones gradually improve their glycemic control (57). Low T3 level is not an exclusive risk factor for T2DM although it has been observed in HF patients. Low T3 or T3/T4 ratio inversely correlated with HF progression (NYHA classification) and NT-proBNP serum levels (58–60).

T3 impacts heart after acute injury as a fetal-like feature to induce proliferation and tissue repair. However, myocardium has a very limited regenerative potential and undergoes remodeling that can temporally compensate for the contractile dysfunction, until it is met with low energy profile and becomes maladaptive which leads to HF. Therefore, after stress stimuli diminish, a drop in T3 serum levels takes place (61). This drop of T3 levels affects BNP serum levels and, as it is experimentally suggested, has an impact on microvascular blood flow (MBF). Clinically speaking, impaired MBF is a sign of ischemic heart disease, idiopathic dilated cardiomyopathy, DCM and ultimately HF (62).

Plenty of experimental evidence support these hypotheses. For instance, low dose T3 treatment improved contractility in streptozocin (STZ)-induced rat model of T2DM (63). In genetic model of DCM in Syrian hamsters, mixture of T3 and T4 deceased loss of cardiomyocytes mediated by improved MBF (64). Additionally, observational studies found a significant association of low T3 with high mortality in hospitalized patients with HF (65). Unfortunately, current guidelines for the management of T2DM, HF or DCM does not include thyroid hormone diagnostic screening and/or the therapy.





3 Novel trends in diagnosing DCM



3.1 Current approaches and challenges in diagnostics of DCM

Diagnosing DCM alone poses a clinical challenge due to potential symptom and imaging overlap with other heart diseases, particularly chronic HFpEF (66). The progression of DCM is often gradual, spanning years or even decades, driven by chronic exposure to metabolic abnormalities associated with diabetes (67). This gradual onset makes pinpointing DCM difficult and can lead to delayed diagnosis. Additionally, diabetic cardiomyopathy can present with subtle or asymptomatic changes in cardiac structure and function before overt HF symptoms emerge. This is in large part the cause of missed early detection without routine screening or specialized diagnostic tests (68). Unlike the other types of HF, there are currently no specific diagnostic criteria or biomarkers exclusively for DCM. Diagnosis relies on integrating clinical evaluation, imaging studies, and biomarker analysis which may lack specificity for this condition (69).

Therefore, a comprehensive evaluation is crucial for accurate diagnosis and appropriate management. Although no approved therapeutic strategies exist to treat or prevent progression of stage B DCM, ongoing efforts target various pathological mechanisms. Recent CV outcome trials (CVOTs) have identified newer therapeutic agents with CV benefits, such as sodium-glucose cotransporter-2 (SGLT-2) inhibitors reducing hospitalization for HF and glucagon-like peptide-1 (GLP-1) receptor agonists reducing major adverse CV events (MACE), albeit with inconsistent effects on HF outcomes (70). Clinical practice guidelines recommend screening high-risk patients for HF (71).

Diagnosing DCM typically involves a combination of clinical assessment, imaging techniques, like echocardiography and magnetic resonance imaging (MRI) for diastolic function and ventricular mass assessment, or biomarker analysis (72). Exclusion of coronary artery, valvular or congenital heart disease is possible using coronary angiography and Doppler echocardiography imaging. Endomyocardial biopsy is indicated for infiltrative heart disease concerns. Magnetic resonance (MR) spectroscopy, measuring myocardial triglyceride content, is an emerging research tool for DCM diagnosis and pathogenesis (73).

Addressing these challenges necessitates a comprehensive CV assessment in diabetic patients, including routine cardiac dysfunction screening, awareness of DCM’s unique features and utilization of advanced imaging modalities and biomarkers for early detection and risk stratification. Collaborative efforts between cardiologists, endocrinologists and primary care providers are essential for optimalization of DCM diagnosis and management. Ongoing research into novel markers and techniques holds promise for future progress in this field.




3.2 Novel insights on the biomarkers of DCM

In contemporary clinical practice, there is a notable lack of specific markers for dilated cardiomyopathy. This deficiency arises from two primary challenges: First, the identification of a definitive marker for DCM is inherently difficult. Second, the relevance of such markers has yet to be established in routine clinical practice. Currently, asymptomatic patients with T2DM are monitored for HF risk using standard HF markers, while HF patients—and indeed all patients under medical care—are routinely assessed for metabolic disturbances in a reciprocal manner. However, identifying early and highly sensitive diagnostic as well as prognostic biomarkers is very important for preventing the development of DCM and improving the prognosis of DCM patients. Novel biomarkers could also provide a basis for discovering new targeted interventions for DCM. Graphical illustration of markers of DCM are depicted in Figure 1. Here, we present an array of well-established markers for T2DM and heart failure that are currently used in clinical practice for patients with DCM. Additionally, we introduce new and experimental markers that are under investigation.

[image: Flowchart illustrating key factors and biomarkers associated with cardiovascular conditions. It includes inflammation (TNF-α, IL-6, IL-12, CRP, Galectin-3, miR-21, CircHIPK3, CACR), endothelial dysfunction (AGEs, CircHIPK3), insulin resistance (HbA1c, adiponectin), impaired cardiac metabolism (various miRNAs and lncRNAs), cardiac damage (cTnI, ANP, BNP, O-GlcNAc, creatinine, miRNAs, CircHIPK3, circCDR1as), and fibrosis (TGF-β, IGFBP-7, Galectin-3, miRNAs, lncRNAs, MMP-2).]
Figure 1 | Markers of diabetic cardiomyopathy include cardiac damage characterized by contractile dysfunction and cell death. Impaired cardiac metabolism is also a feature, with oxidative stress playing a significant role. AGEs, advanced glycation end-products; HbA1c, glycated hemoglobin; miRNA, micro RNA; lncRNAs, long noncoding RNAs; TGF-β, transforming growth factor β; IGFBP-7, insulin-like growth factor binding protein-7; MMP-2, matrix metalloproteinase-2; cTnI, cardiac troponin I; NT-proBNP, N-terminus of prohormone brain-derived peptide; O-GlcNAc, O-linked N-acetylglucosamine; TNF-α, tumor necrosis factor α; IL, interleukin; CRP, C-reactive protein. Created by BioRender.com.



3.2.1 Glycated hemoglobin

It has been documented that serum glycated hemoglobin (HbA1c) levels are significantly higher in individuals with DCM in comparison to those with T2DM alone (9). However, higher HbA1c levels in patients with T2DM increase their risk of developing HF but paradoxically in T2DM patients with already developed HF are higher HbA1c levels associated with increased survival in the 2-year horizon (74). The use of HbA1c as a potential prognostic marker in patients with DCM is therefore still ambiguous and requires further investigation. Moreover, the impact of various medications on glycemic control in studied patients cannot be underestimated.




3.2.2 Cardiac troponin I

Observational studies (75, 76) have found elevated cardiac troponin I (cTnI) as a marker of cardiac damage in asymptomatic diabetic patients. cTnI is considered one of the current clinical markers of cardiac damage in diabetic patients, alongside C-reactive protein (CRP) and electrocardiography (5). cTnI as a general marker of cardiac damage is not specific for high glucose- or T2DM-induced cardiac injury and thus cannot be considered a specific marker of DCM. However, cTnI presents still a reliable diagnostic tool for monitoring asymptomatic T2DM patients for the development of HF risk.




3.2.3 Natriuretic peptides

Natriuretic peptides including atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) were proposed as potential biomarkers of DCM before (9, 11, 77). Particularly BNP could be an inexpensive and easily attainable marker of preclinical ventricular diastolic dysfunction in T2DM patients (78). Recent studies analyzing cohorts of T2DM patients suggested N-terminal of prohormone BNP (NT-proBNP) as a relevant biomarker that could help detect HF in T2DM (79, 80). On the other hand, in T1DM patients, ANP but not BNP appears to be a sensitive biomarker for early diastolic dysfunction (81).




3.2.4 O-linked N-acetylglucosamine

Increased O-linked N-acetylglucosamine (O-GlcNAc) levels were previously linked to the adverse cardiac effects of T2DM, including impaired contractility, calcium handling and abnormal stress response (82). O-GlcNAcylation was further implicated in the development of CV dysfunction in T2DM (83). Maladaptive O-GlcNAc protein modification serves as a critical regulator of the diabetic phenotype in human hearts. Thus, restoring physiological O-GlcNAc balance in the heart may also represent a novel therapeutic approach for T2DM-induced HF (84).




3.2.5 Inflammatory, fibrotic and antioxidant markers

Serum inflammatory mediators such as TNF-α, interleukins and C-reactive protein (CRP), elevated fibrotic markers like TGF-β and insulin-like growth factor binding protein-7 (IGFBP-7) and decreased antioxidant markers adiponectin and leptin are suggested to uncover early onset of DCM (85). Elevated levels of IL-12/23p40 were proposed as a potential indicators of disrupted heart rate variability in T2DM (86). A panel of AGEs, IL-6, TNF-α, insulin and creatinine might be used for early detection of diastolic dysfunction in T2DM (87). Two fibrotic markers, transforming growth factor-beta (TGF-β) and insulin-like growth factor-binding protein 7 (IGFBP-7), are significantly elevated in patients with diastolic dysfunction. Specifically, T2DM patients with diastolic dysfunction exhibit higher levels of TGF-β and IGFBP-7 compared to non-diabetic patients with diastolic dysfunction. Additionally, T2DM patients without diastolic dysfunction show increased levels of these markers when compared to healthy controls. This suggests that TGF-β and IGFBP-7 may serve as markers for early heart dysfunction risk in asymptomatic T2DM patients (85). Very recently, several new potential biomarkers for DCM have emerged, including MMP-2 for detecting early fibrosis in DCM (88).

Several other novel markers for DCM have been proposed by recent studies, including galectin-3 (Gal-3) and adiponectin (85, 89, 90). Gal-3, a chimeric galactose-lectin family protein, is strongly linked to cardiac fibrosis and inflammation. Since cardiac fibrosis plays the key role in the development of DCM, Gal-3 can be involved in the progression of DCM through several different mechanisms. Gal-3 levels were found to be a good predictor of HFpEF in T2DM patients (91) and additionally, elevated Gal-3 were observed in T2DM patients compared to non-diabetic ones (92). This makes galectin-3 (Gal-3) a promising candidate for diagnosing the potential early onset of cardiomyopathy in T2DM patients.

Adiponectin is a member of adipokines that affect insulin sensitivity and hyperadiponectinemia is considered an independent risk factor for DCM (93). Low adiponectin levels in adolescents with T2DM correlated with lower cardiac circumferential strain. Since abnormal circumferential strain may represent the earliest evidence of functional cardiac impairment in T2DM, adiponectin may serve as an early biomarker of functional changes in T2DM (89). In T2DM patients with acute coronary syndrome, high adiponectin was associated with increased risk of hospitalization for HF, death from CV causes and all-cause mortality (94).




3.2.6 Noncoding RNAs

New evidence also suggests several microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) as biomarkers of DCM (95), especially those associated with cardiac inflammation (miRNA-21) and redox signaling (miRNA-221, miRNA-146a, miRNA-34a, miRNA-210, miRNA-19b, miRNA-125b, miRNA-27a, miRNA-155) as well as with cardiac hypertrophy (miRNA-221) and apoptosis (miRNA-34a, miRNA-125b, miRNA-146a, miRNA-155, miRNA-210, miRNA-221) (95). LncRNAs may also participate in the development of cardiac hypertrophy and HF in DCM via regulating redox and inflammatory signaling. Particularly lncRNAs H19 (96), NON-RATT007560.2 (97), Kcnq1ot1 (98), HOTAIR (99) and ANRIL (100) associated with cardiac remodeling in DCM via regulating cardiomyocyte apoptosis and oxidative stress. Finally, several circular RNAs (circRNAs) involved in the progression of DCM including circ_000203, circRNA_010567, circHIPK3, CACR and circCDR1as were discussed in correlation to DCM (101).




3.2.7 Metabolic markers

Some plasma biomarkers of abnormal metabolism have been recently identified using liquid chromatography-mass spectrometry (LC-MS)-based metabolomics (102). Among selected metabolites, cytidine triphosphate (associated with pyrimidine metabolism), 11-ketoetiocholanolone (metabolite of cortisol/steroid hormone biosynthesis), saccharopine (metabolite of lysine), nervonic acid (precursor of myelinization), and erucic acid (inhibition of mitochondrial oxidation of other fatty acids, particularly in cardiac tissues), have emerged as promising candidates for differential diagnostics between T2DM and DCM. The precise role of nervonic and erucic acids in HF are not yet fully understood, although they may function as compensatory mechanism in reducing the accumulation of very long-chain fatty acids (VLCFA), which trigger various pathological processes such as mitochondrial dysfunction, oxidative stress, and inflammation (103). Saccharopine’s involvement in the disruption of normal mitochondrial function has been documented (104) but has not been studied in failing hearts. The role of cytidine triphosphate and 11-ketoetiocholanolone in DCM remain elusive, necessitating further investigation.






4 Current therapeutic approaches to mitigate the symptoms of diabetic cardiomyopathy

To this date, there is no specific therapy for DCM. The treatment consists of pharmacotherapy alongside lifestyle modifications. The pharmacological treatment of DCM is currently based on lowering high blood glucose and mitigation of failing heart (Figure 2). Other therapeutic agents such as antihyperlipidemics, diuretics or anti-aggregants/anti-coagulants are commonly prescribed as an adjuvant therapy.

[image: Flowchart illustrating the effects of antidiabetics and heart failure treatments on glucose metabolism, fat metabolism, and heart function. Antidiabetics such as insulins, metformin, incretins, and others increase insulin tolerance, reduce glycogenolysis, and enhance glucose absorption. Heart failure treatments improve cardiac function, reduce hospitalizations, and include ACEi, MRAs, SGLT2i among others. Organs shown include the heart, liver, pancreas, kidneys, intestines, and adipose tissue, with arrows indicating the biochemical pathways and outcomes related to treatments.]
Figure 2 | The clinical effects of antidiabetic and anti-heart failure medications on glucose tolerance, cardiac function, and hospitalization rates in DCM are illustrated in the figure. However, certain secondary and tertiary effects are not depicted. Medications listed in italics are not considered first-line treatments. Those marked with a † are either not recommended or contraindicated in DCM. CVS, cardiovascular; ACEi, angiotensin-converting enzyme inhibitors; MRA, mineralocorticoid receptor antagonists; ARNI, angiotensin receptor blocker and neprilysin inhibitor; SGLT2i, sodium-glucose co-transporter 2 inhibitors; SGLT2i*, effects of SGLT2i on glycemia are shown within HF treatment; ARB, angiotensin receptor blockers; DPP-4i, dipeptidyl peptidase-4 inhibitors. Created by BioRender.com.



4.1 Antidiabetic drugs

As mentioned in preceding paragraphs, hyperglycemia is a risk factor for CV morbidity and increases the risk of hospitalization in patients with DCM (39, 40). Therefore, various antidiabetic drugs are used to prevent hyperglycemia from damaging blood vessels, kidneys and ultimately the heart. It is important to clarify that antihyperglycemic effect of antidiabetic agents alone does not necessarily correlate with efficacy or safety in patients with DCM. Several molecules seem to be beneficial; others have no significant effect, and some may even increase the risk for hospitalization. These clinical findings suggest that specific antidiabetic drugs may influence DCM beyond their glucose-lowering effect. It has been hypothesized that it can be, at least partially, explained by their effect on body mass – newer antidiabetics with anti-obesity activity have lower risk for hospitalization than those ones increasing the body mass. Nevertheless, no direct scientific evidence has been published yet.

Here we provide a list of medications commonly prescribed for T2DM treatment. Our findings confer with current (year 2023) practical guidelines of European Society of Cardiology (ESC) for the management of CV disease in patients with diabetes (5) and are also supported by several other independent sources. American Heart Association/American College of Cardiology/Heart Failure Society of America (AHA/ACC/HFSA) have not published such guideline yet. Instead, their Guideline for the Management of Heart Failure (105) provide a list of medication deleterious for HF prognosis, including several agents used to treat T2DM. On the other hand, this document is short with the information for how to treat HF patients with T2DM, stating only the role of SGLT2 inhibitors (SGLT2i).



4.1.1 Glucagon-like peptide-1 receptor agonists

GLP-1 receptor agonists, or simply incretins, are a relatively novel class of antidiabetics. The class consists of several synthetic subcutaneously administered GLP-1 analogues such as shorter acting exenatide, liraglutide, lixisenatide, longer acting dulaglutide, albiglutide, efpeglenatide and semaglutide and a dual GIP/GLP-1 agonist tirzepatide (106). Their antihyperglycemic effect is provided by the stimulation of insulin release, while they concurrently inhibit excessive glucagon release. On the top of that, they possess a significant anti-obesity activity by inducing anorexia (appetite suppression) and they also help to slow down gastric emptying (107).

While they are known to be effective antidiabetic drugs, their effects on CV morbidity and mortality are studied in a lesser extent, unlike exenatide or liraglutide which are among the most studied molecules. Only a handful of small trials have been conducted on these molecules with slightly beneficial or neutral effect on HF hospitalizations overall. On the other hand, they were linked with a tachycardia, which raises a concern about their beneficial effects on failing hearts (5, 107, 108). Ultimately, more comprehensive trials including newer molecules (e.g., dulaglutide or semaglutide) are missing. Therefore, 2023 ESC guidelines mark GLP-1 agonists as a second line therapy (therapy for consideration) for HF-related outcome in patients with T2DM (5).




4.1.2 Dipeptidyl peptidase-4 inhibitors

Dipeptidyl peptidase-4 (DPP4) is an enzyme degrading incretins, thus DPP4 inhibitors increase the activity of natural incretins, somewhat mimicking the effects of GLP-1 agonists (although not all). Current DPP4 inhibitors include sitagliptin, vildagliptin, linagliptin, saxagliptin and alogliptin (109). Gliptins have been studied even less thoroughly compared to incretins in the case of CVOTs. Some small studies found inconclusive beneficial and detrimental effects on the rate of hospitalizations. Larger CVOTs with sitagliptin and linagliptin found a neutral effect. Saxagliptin and alogliptin were more prone to increasing risk of HF hospitalizations. Vildagliptin was the least studied member of this class with no promising results (5, 105, 107, 108). These inconclusive findings might be a result of baseline differences in the use of metformin, thiazolidinediones and insulin which also affect HF risk.

In conclusion, sitagliptin and linagliptin can be considered for antihyperglycemic therapy in HF patients, saxagliptin and alogliptin should be avoided (5, 105).




4.1.3 Insulins

Insulins are used in patients with unsatisfactory treatment with oral antidiabetics. These patients are considered to have worse CV outcomes (110). Two larger randomized trials [ORIGIN (111) and DEVOTE (112)] demonstrated that longer-acting basal insulins (glargine and deglutec) have at least neutral effects on HF hospitalizations. These two insulins can be considered in patients with DCM (5).




4.1.4 Metformin

Metformin, as a single clinically used drug of biguanide group, has been used as first-line therapy of T2DM. In the past, metformin was contraindicated in diabetic patients with HF due to a possible lactic acidosis. However, this contraindication was later on removed (113, 114) as the frequency has been proved to be very rare – less than 1 in 10, 000 patients according to the summary of product characteristics (SPC) (115). Some sources (116) claim a higher frequency of 1-10 in 10,000. Nowadays, metformin is considered to be a safe option for patients with DCM with better clinical outcome of HF than sulphonylureas or insulins (5). Nevertheless, it is still contraindicated in decompensated HF due to the high risk of lactic acidosis (114) and its particular outcome on HF hospitalizations, due to lack of sufficient CVOTs, remains unclear.




4.1.5 Sulphonylureas

Sulfonylureas are a class of oral antidiabetics that stimulate the release of insulin from pancreatic β cells. Despite being effective antidiabetics in lowering high blood glucose and insulin resistance, they increase the risk of hypoglycemia and body weight gain (117) which are risk factors for HF. Clinical evidence for their role in CV events is inconsistent. Earlier agents with higher risk of hypoglycemia and body weight gain (such as 1st generation tolbutamide and with a lesser extent 2nd generation glibenclamide, gliclazide or glipizide) tend to be increasing the risk for the HF hospitalizations. On the contrary, newer agents (mostly 3rd generation glimepiride) seem to have a safer profile in the case of HF complications (5, 107, 108). Nevertheless, sulphonylureas as a whole group are not recommended for the use in diabetic patients with HF according to the current guidelines (5).




4.1.6 Thiazolidinediones

Thiazolidinediones are a class of oral antidiabetics acting on intracellular peroxisome proliferator-activated receptor-γ (PPR-γ) which in turn stimulate expression of the genes leading to increase of insulin sensitivity, improving lipid metabolism and other CV effects (118). In spite of these beneficial properties, both pioglitazone (119) and rosiglitazone (120–122) increase fluid retention, edemas (due to the decrease in renal filtration and diuresis) and body mass gain. Thiazolidinediones were shown to significantly increase (by over two-fold) the risk of HF hospitalizations in several clinical trials (119–122) and therefore are considered contraindicated in all HF patients with or without diabetes (5, 105).




4.1.7 Sodium–glucose co-transporter-2 inhibitors

Sodium–glucose co-transporter-2 inhibitors are a novel class of oral antidiabetics with characteristic properties. The members include empagliflozin, dapagliflozin, canagliflozin, sotagliflozin and newer ertugliflozin. They increase renal glucose excretion which in turn lowers glycemia (123). SGLT2i also decrease insulin resistance, blood pressure and body mass, while not causing hypoglycemia (124). However, in combination with other antidiabetics they can increase the risk of hypoglycemia.

SGLT2i are the first class of antidiabetics with widely proven clinical benefits on HF prognosis (5, 105).





4.2 Heart failure drugs

According to the current guidelines of ECS (5), diabetic patients with HF are treated with standard therapy as patients without diabetes. Importantly, diabetic patients with HF have higher CV risk.

The standard 1st line therapy for HF includes quadruple combination of SGLT2 inhibitor, ACEi (angiotensin converting enzyme inhibitor)/ARNI (angiotensin receptor–neprilysin inhibitor), betablocker and MRA (mineralocorticoid receptor antagonist). Their efficacy has been proven in numbers of clinical trials with positive impact on the rate of hospitalizations a survival in patients with or without diabetes. The cardioprotection of this combination includes improved cardiac contractility with partially attenuated myocardial fibrosis, inflammation, remodeling and decreased afterload and preload via several molecular mechanisms (5, 71, 105). While these medications are commonly used in patients with heart failure with reduced ejection fraction (HFrEF), they have not been specifically clinically tested in patients with T2DM, except for SGLT2 inhibitors. Furthermore, their efficacy has not been specifically evaluated for DCM.

As 2nd line therapy, ivabradine, vericiguat or ARB (angiotensin receptor blocker) can be chosen in patients with insufficient response to the treatment or in the case of adverse effects of 1st line medications (5, 125). Data for DCM regarding the drugs considered first-line treatments is even more limited.

The most interesting therapeutic group used in DCM are SGLT2i. It’s the only therapeutic class with strong clinical evidence of both antihyperglycemic and cardioprotective properties (126), although they were initially developed as antihyperglycemic drugs. Two of them, namely empagliflozin and dapagliflozin, were later repurposed for the treatment of HF in the presence or without the presence of diabetes (5, 125). Canagliflozin has been successful in trials as well (127), however, it is not officially indicated for HF. Another SGLT2 inhibitor, sotagliflozin, has shown some positive effects on HF (128) although, it is available for the US market only. It was withdrawn from the European Union in 2022 at the request of the marketing-authorization holder (129).

SGLT2i exert a complex cardioprotective mechanism independent from their antihyperglycemic effects. The inhibition of SGLT2 leads to decreased Na+ reabsorption, thus increased Na+ concentration in distal tubule which enhances diuresis. This simple change in Na+ homeostasis leads to enhanced tubuloglomerular feedback mechanism, decreased intraglomerular pressure and decreased heart preload and afterload (due to the diuresis). Decreased intraglomerular pressure presumably attenuates the activation of sympathetic and renin-angiotensin-aldosterone system, thus leading to the amelioration of cardiac remodeling and inflammation, improved diastolic function, together with improved renal function. These ‘off-target’ mechanisms also include improvement in hematocrit, blood pressure and body weight which can all contribute to positive renal and heart effects (130–134).



4.2.1 ACE inhibitors

ACE inhibitors have been found to be beneficial in improving insulin sensitivity and glycemic control (135–138). The proposed mechanism behind this follows decreased bradykinin metabolism and its increased plasma levels, activation of soluble guanylate cyclase (sGC) upon bradykinin B2 receptor activation with subsequent nitric oxide release and vasodilatation leading to the increased GLUT4 translocation in peripheral tissues (139).




4.2.2 Betablockers

There are 4 betablockers currently indicated for the chronic HF treatment: 2nd generation (β1-selective) metoprolol (140) and bisoprolol (141); 3rd generation (with vasodilatory effect) carvedilol (142) and nebivolol (143). Moreover, several smaller studies have explored the use of atenolol and labetalol, which are currently considered off-label in HF treatment. The use of atenolol has been associated with positive outcomes on hemodynamic functions (144–146), although inferior to nebivolol (144, 145). Data for labetalol use in HF is lacking some evidence, although it may be considered at least safe in HF patients (147).

We understand that betablockers are effective in treatment of chronic HF, however, the official ESC guidelines for the management of HF patients with T2DM (5) do not explicitly address their effects on glycemic control and that is what we aimed for in the following paragraphs.

1st generation non-selective betablockers block both β1 and β2 receptors, thus decreasing insulin secretion, glycolysis and lipolysis, while increasing glycogenolysis and gluconeogenesis and are prone to mask the symptoms of hypoglycemia (148, 149). 1st generation betablockers (such as propranolol) also decrease peripheral vasodilatation (150). On the other hand, they also affect glucagon release (151) with increased risk of hypoglycemia (152). These effects are slightly improved within the 2nd generation (153), although they are still linked with increased glycemia and HbA1c. Metoprolol displays more negative metabolic effects compared to metabolic-neutral bisoprolol (154), due to its higher β1-selectivity. 3rd generation vasodilatory carvedilol (155) and nebivolol (145) provide better results, while nebivolol seems to be superior (156).

Likewise in ACE inhibitors, vasodilation is connected to the increased insulin sensitivity and better glycemic control (157). Despite the negative metabolic effects, clinical trials proved that betablockers are beneficial in all HF patients with or without T2DM (140). Official guidelines don’t prefer any particular betablocker over the others in the case of T2DM patients with HF (5), however, based on the available data, most notably nebivolol, carvedilol or bisoprolol are preferable for HF patients with concomitant T2DM. Metoprolol and atenolol should be considered only as 2nd or 3rd line, respectively. Labetalol lacks the necessary data for this treatment setup, although it possesses a theoretically favorable pharmacological profile for HF patients with T2DM.




4.2.3 Mineralocorticoid receptor antagonists

Mineralocorticoid receptor antagonists (MRAs) spironolactone and eplerenone exert similar cardioprotective effects [eplerenone showcasing slightly more pronounced cardioprotection (158)], however, they differ in their structure, selectivity, duration of action, side effects and therapeutic indications. Besides all these differences, their effect on glycemic control and T2DM prognosis remains elusive. Only a few small clinical trials have been conducted to study their effect on glycemic control with inconsistent and inconclusive results. Spironolactone showed increased HbA1c in hypertensive patients with T2DM (159) and with HF patients (160). Eplerenone has presumably no effect on HbA1c (160–162), blood glucose levels (163) and insulin resistance It does not increase the risk of triggering new onset of T2DM (164) and it doesn’t increase the need for antidiabetics (161). Its cardioprotective effect is independent of the presence of T2DM (163). In the case of the head-to-head comparison, one study (160) observed eplerenone as superior, however, another study did not find any strong evidence for eplerenone supremacy over spironolactone in the context of glycemic control (161). The guidelines (5) don’t provide any information about the preferred MRAs in patients with DCM.

A new MRA, finerenone, was found to express some cardioprotective effects in patients with chronic kidney disease (CKD) and T2DM (165–167), although it is currently indicated for CKD in T2DM only. Therefore, conducting bigger trials to screen for its effects on HF or glycemia is essential for follow-up research.




4.2.4 ARNI

ARNI is a fixed combination of angiotensin receptor type 1 antagonist valsartan with neprilysin inhibitor sacubitril. Neprilysin is a proteolytic enzyme degrading several vasoactive peptides, most notably atrial, brain, C-type natriuretic peptides (ANP, BNP, CNP) and others, including bradykinin. Moreover, neprilysin degrades endothelin-1 and it is responsible for the conversion of Ang II to vasoprotective Ang (1-7). Thus, sacubitril monotherapy was not satisfactory and valsartan is used to block undesirable RAAS activation (168).

ARNI has been shown to have a better outcome on morbidity and mortality compared to enalapril with or without diabetes (138). One smaller study (169) (12 participants) showed increased postprandial glycemia with ARNI compared to placebo which contradicts a huge PARADIGM-HF trial (170). In a post-hoc analysis, they managed to find a significant and persistent decrease in HbA1c compared to enalapril in the course of 3 years. In addition, ARNI decreased the need for the administration of new oral antidiabetics and insulin in these patients. This superiority of ARNI over ACE inhibitor enalapril could be described by its complex mechanism of action not only on heart, but also by several pleiotropic (vascular, renal and metabolic) effects. Of particular interest, ARNI provides a beneficial effect on the development of T2DM, affecting increased incretin levels, improved insulin sensitivity, lipolysis and lipid oxidation (168).




4.2.5 Angiotensin receptor blockers

Angiotensin receptor blockers (ARBs) are used only when ACEi or ARNI are not tolerated (5) because of insufficient data regarding their effects on morbidity and mortality. Despite the fact, various ARBs (171–173) have been proven to be a safe alternative for HF patients with or without diabetes.




4.2.6 Ivabradine

Ivabradine is indicated for patients with sinus rhythm (SR) who do not tolerate betablockers or have an unsatisfactory response to betablocker therapy (5). Ivabradine seems to be safe in HF patients with T2DM and its effect is independent of the presence of T2DM (146, 174).




4.2.7 Digoxin

Digoxin may be considered the drug of choice to reduce the risk of hospitalization in patients with HFrEF with SR when standard 1st-line therapy is insufficient with or without present T2DM (5). Data on the negative effects of digoxin on glucose tolerance are limited to small studies and case reports (175, 176). On the other hand, larger trial with 1933 patients in diabetic group showed no detrimental effects on HF-related hospitalizations compared to non-diabetic group, although it had no effect on overall mortality in both groups and diabetic patients experienced more frequently digoxin-toxicity-related hospitalizations. HbA1c or FPG values were not tested during this trial (177). Digoxin has also been used in HF patients with atrial fibrillation (AF) which is the official therapeutical indication, even though its safety in these patients is even more questionable and it should be used only if other therapeutical options are not available (71).




4.2.8 Vericiguat

Vericiguat, a soluble guanylate cyclase (sGC) inhibitor, is a novel drug in the array of anti-HF agents. It has also been studied in T2DM patients (178), nonetheless, its effect on glycemic control remains unknown.




4.2.9 Mavacamten

Mavacamten is another novel drug acting as myosin inhibitor and is indicated for the treatment of cardiac hypertrophy. Although there were diabetic patients included in the trials (179), no glycemic studies were conducted.





4.3 Adjuvant therapy



4.3.1 Diuretics

Although there is not enough evidence for the use of diuretics in the prevention of CV events in patients with HF, they are still used to alleviate the sign of fluid congestion (5). Thiazide diuretics include several agents from which hydrochlorothiazide (HCT) is the most frequently used. HCT has been linked to a negative metabolic effects such as increased fasting plasma glucose (FPG), HbA1c, low-density lipoprotein-cholesterol (LDL-C) (180), unlike indapamide (181). Despite that, HCT cannot be substituted with indapamide due to its practically zero diuretic effects (HCT effects are more pronounced in blood vessels, rather than enhancing diuresis) (182). Another thiazide, chlorthalidone, may represent an alternative with better metabolic profile (183), although it has not been specifically tested for the treatment of HF.

Loop diuretics, such as furosemide, exert more potent diuretic effect. Similarly to HCT, they can cause glucose homeostasis impairment with reduced tissue sensitivity to insulin (184). The mechanism is independent of its diuretic properties as it solely relies on off-target tissue mechanisms. They supposedly interfere with basal tissue glycolysis by direct and indirect effects on glycolytic enzymes (185, 186) which is a shared mechanism with HCT. The use of loop diuretics in diabetic patients was linked to a negative impact on morbidity and mortality with worse impact on HF patients. SGLT2i, such as empagliflozin, are similarly effective in the alleviation of congestive symptoms in HF with better clinical and safety results (187).




4.3.2 Lipid-lowering therapy

Statins are indicated in patients with combined dyslipidemia and hyperglycemia. They are generally well tolerated, except of their negative effects on glycemic control and liver toxicity. A meta-analysis from 2018 of 23 smaller and intermediate clinical studies (groups of 8-167 patients) showed differential effects of statins on the glycemic control. More favorable effect on FPG and HbA1c have pitavastatin (2mg), simvastatin (10-40 mg) and fluvastatin (20-40 mg). The greatest negative impact on glycemic control was observed in atorvastatin 80 mg, atorvastatin 10-40 mg and rosuvastatin 10-40mg. Pravastatin (10-20 mg) was in-between (188). Neutral glycemic effect was also observed with lovastatin (40 mg) (189). Needless to say, these differences do not correlate with their clinical efficacy in lowering LDL-C and overall effect on CV hospitalizations. High-intensity statins (atorvastatin, rosuvastatin) are used in patients with high CV risk as they lower LDL-C by 40–63% and significantly reduce the incidence of major cerebral and coronary complications (190). This beneficial effect outweighs the potential diabetogenic effect of these drugs, estimated as a 9% increased risk of incident diabetes, especially in older patients and in patients that are already at risk of developing diabetes (191, 192).

In patients with inadequate LDL-C control, ezetimibe can be added to statin. Ezetimibe does not impact FPG or HbA1c and ezetimibe with low-dose statin compared with high-dose statin therapy may have a beneficial tendency of effects on glycemic control (193). In resistant hypercholesterolemia, proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors (evolocumab and alirocumab) are effective and safe choice, hence they do not alter glucose homeostasis and they do not trigger new onset of diabetes (194–196). Although, some Mendelian randomization analyses concomitant with post-marketing monitoring reports evidence of mild increase of hyperglycemia, rather than diabetes, in the first 6 months of the therapy with PCSK9 inhibitors (197).

Inclisiran is indicated for patients not tolerating PCSK9 inhibitors with the mechanism similar to that of PCSK9 inhibitors, except it acts as a gene-silencing therapy. As inclisiran is still a new drug, there is a lack of data concerning its effect on glycemic control and the possibility of new-onset T2DM cannot be completely ruled out (197). Patients with good lipid control but intolerating statins can be treated with bembedoic acid. Bembedoic acid is another novel hypolipidemic drug inhibiting cholesterol synthesis. Apart from statins, its bioactivation occurs mainly in liver (practically not in muscles) and it significantly reduces myalgia (198) and the new onset or worsening T2DM risk (199, 200).

PPAR-α agonists (fenofibrate, bezafibrate, clofibrate) are indicated for patients with hypertriglyceridemia. Their use is, however, limited due to their hepato- and nephrotoxic potential with low clinical benefit in randomized clinical trials (RCTs), aside from patients with very high triglyceride levels. Pemafibrate is a novel PPAR-α agonist with higher efficacy, and it has shown no clinically adverse effects on renal or hepatic function (5, 201).






5 Ongoing research and future therapy

Current guidelines and medications for the management of DCM are based on treating T2DM and HF separately, as there is no medication indicated specifically for the treatment of DCM. Additionally, the impact of the present pharmacotherapy is unsatisfactory with only little effect on overall progress of the disease and subsequent prognosis. This might change in near future as new medications are being developed and tested. Here we provide a brief summary of some interesting and promising therapeutic tools and targets.



5.1 Experimental drugs and approaches for the treatment of DCM

Novel pharmaceuticals need to provide a unique approach for treating DCM. The main targets of recent development are cardiac metabolism, oxidative stress, inflammation and cardiac fibrosis and hypertrophy. As currently available drugs do not provide required efficiency the research is very important. The list of experimental drugs is described in Table 1. Please note that most of the agents affect multiple pathological mechanisms (or one mechanism affects the other), thus we focus on their main therapeutic goal.

Table 1 | An overview of experimental therapies in various models of DCM.
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5.1.1 Cardiac metabolism

The most promising new drug targeting cardiac metabolism that made it to the clinical trial is caficrestat (formerly known by its generic name AT-001). Caficrestat acts as an aldose reductase (AR) inhibitor. The physiological purpose of AR is to reduce glucose into sorbitol. During DCM, the expression of AR is increased which causes an exacerbation of various deleterious effects of DCM, such as ROS generation or fatty acid β-oxidation which in turn deteriorates energetic homeostasis of cardiac cells. Inhibition of AR by caficrestat improves diastolic function and decreases cardiac fibrosis and hypertrophy in patients with DCM (231). While the caficrestat is being investigated in phase 3 clinical trial (ARISE-HF, NCT04083339) (202), more efficient agents can potentially surpass it. Cemtirestat is a dual AR inhibitor with antioxidant activity. It is effective in fructose/STZ diabetic rats and serves as a good candidate for future clinical studies (203).

Another drug being tested in clinical trials is ninerafaxstat (IMB-1018972). Ninerafaxstat is 3-ketoacyl-CoA thiolase (acetyl-CoA acyltransferase) inhibitor. 3-ketoacyl-CoA thiolase is a catalyst of mitochondrial β-oxidation of long chain fatty acids, more specifically, it catalyzes the final step of β-oxidation in which 3-ketoacyl-CoA is cleaved by the thiol group of another molecule of coenzyme A (232). Ninerafaxstat is a cardiac mitotrope, it increases myocardial metabolic efficiency by shifting substrate utilization towards glucose through reduction in fatty acid oxidation (233). Its beneficial effect in clinical setup is being investigated in phase 2 clinical trial on cardiac energetics in T2DM and obesity with HFpEF (IMPROVE-DiCE trial, NCT04826159) (204).

Sulfo-N-succinimidyl oleate (SSO) is a lipid-derivative-based inhibitor of a membrane protein complex called fatty acid translocase/cluster of differentiation 36 (FAT/CD36). In the model of STZ/high-fat diet diabetic mice it decreases myocardial fatty acid oxidation rate and triglyceride concentration and increasing fatty acid metabolism, glycolytic rate and pyruvate dehydrogenase activity, improving cardiac function after hypoxia and reoxygenation (207). On the contrary, recombinant fibroblast growth factor 21 (FGF21) (205) or administered as a gene via adenovirus-associated virus (AAV) vector (206) in animal models with STZ/high-fat diet diabetic mice they both attenuated cardiac lipotoxicity by the activation of β-oxidation. As a result, it was accompanied by decreased ROS generation, inflammation, apoptosis and fibrosis. The proposed mechanism is complex, including AMPK (AMP-activated protein kinase)–Akt2–Nrf2-mediated antioxidative pathway and AMPK–ACC (acetyl CoA carboxylase)–CPT-1 (carnitine palmitoyl transferase 1)-mediated lipid-lowering effect in the heart. This mechanism is a little bit controversial, since cardiac β-oxidation inhibition [for instance by trimetazidine (234)] is a well-established cardioprotective mechanism in coronary artery disease. Thus, the cardioprotective effect of FGF21-induced β-oxidation activation could be rather caused by its effects on off-target organs, e.g., liver, where it controls the systemic lipid profile and metabolism (235). Moreover, the underlying cardioprotective mechanisms caused by FGF21 might not be fully understood and need more investigation, while no paper has discussed any overlap between FGF21 and trimetazidine or challenged this hypothesis so far.




5.1.2 Cardiac oxidative stress

Pathophysiology of most cardiometabolic diseases involves increased ROS production and oxidative stress. Various antioxidants have been investigated in several models of cardiac injury which produced conflicting results (236). In the models of DCM, several agents attenuated cardiac oxidative stress, at least at a secondary level [e.g. pyrrolidine dithiocarbamate (PDTC) (230), flavonoids (237–241), melatonin (242), capsaicin (243), sulforaphane (244–247), oxymatrine (248), rFGF21 (205, 206), MSCs (249, 250), vardenafil (224), MCC950 (225) and trimetazidine (251)]. Currently, there is no antioxidant indicated for any CV disease [except for dexrazoxane in anthracycline toxicity (252) which can produce severe adverse effects and its use is limited(ref)] due to few and small clinical trials which were not necessarily following the results from preclinical studies.

To include some innovative approaches, SIRT3 gene administration as AAV in STZ-diabetic mice was studied mainly for its antioxidant properties leading to alleviation of mitochondrial dysfunction via inducing AMPK/FGF21/SIRT3 signaling axis (208). True chemical antioxidant properties possesses an experimental drug mito-TEMPO (209) and a mucolytic agent N-acetylcystein (NAC) (210–213). They both were able to decrease fibrosis and hypertrophy with improvement of systolic and diastolic contractile function as a result of decreased mitochondrial ROS.




5.1.3 Cardiac fibrosis and remodeling

Fibrosis, remodeling and hypertrophy are the most crucial pathomechanisms within HF (39, 40). Their progress can be slowed down by ACEi, ARB, MRA, SGLT2i (5) or mavacamten (179), although not completely stopped or even reversed. Among the novel experimental drugs, recombinant relaxin [H2-RLX (214) and H3RLX (215)] and orally active TGF-β inhibitors [FT23 (216) and FT011 (217)] in the model of Ren2 hypertensive STZ-induced diabetic rats decreased heart collagen deposition with improvement of diastolic function (as a consequence of reduced myocardial stiffness). H2/3-RLX’s antifibrotic effect is mediated by the induction of MMP-1 and MMP-13 and enzymatic degradation of collagens (214). Additionally, relaxins reduce activation of pro-apoptotic caspases and inflammation by the inhibition of NLRP3 inflammasome and decreased IL-1β and IL-18 levels (215). TGF-β plays a crucial role in the activation of fibroblasts and production of extracellular matrix (253). These experimental drugs could be a game-changers because of their potent antifibrotic activity and high perspective as candidates for clinical trials in humans.

There is growing evidence showing the role of epidermal growth factor receptor (EGFR) family (including tyrosine kinase receptors, such as EGFR/ErbB/HER) in the development of DCM. EGFR has been linked to cardiac fibrosis, remodeling, hypertrophy, oxidative stress and inflammation (254). A selective EGFR inhibitor (gefitinib) decreased oxidative stress and attenuated diabetes-induced myocardial collagen deposition and fibrosis in STZ-induced diabetic mice. Moreover, it improved Ca2+ homeostasis and contractility by preventing the depletion of SERCA2a and NCX1 (sodium-calcium exchanger-1) (218). However, it seems that EGFR has a dual activity in CV morbidities. Despite being detrimental in the chronic setup, EGFR exerts pro-survival effects on acute myocardial injury (254, 255) and more advanced research on this topic is fairly required.

Alternative renin-angiotensin system (RAS) pathway - ACE2/Ang (1-7)/Mas axis plays a cardioprotective role in several CV morbidities and is gradually gaining more interest. ACE2/Ang (1-7)/Mas axis is often called a cardioprotective counterpart of canonical RAS. A sudden peak of attention was observed during COVID-19 pandemic because of SARS-CoV-2 viral particles using ACE2 to enter host cells. ACE2/Ang (1-7)/Mas axis counteracts Ang II by inducing vasodilatation and decreasing vascular/cardiac oxidative stress, inflammation, and fibrosis. Simultaneously, it can be downregulated in numerous hypoxic CV pathologies (256). Administration of exogenous Ang (1-7) peptide (or its analogue AVE-0991) improved vascular tone responsiveness, cardiac contractility and decreased oxidative stress in diabetic rats, while the inhibition of Ang (1-7) formation by ACE2 inhibitor DX600 or blockade of its active site by Mas receptor antagonist A779 deteriorated the cardiomyopathy (257–259). ACE2 activator diminazene aceturate (DIZE) was examined in db/db mice for its effect on DCM. DIZE was able to significantly attenuate cardiac fibrosis, remodeling and hypertrophy. In addition, this effect was accompanied by decreased oxidative stress and improved cardiac contractility (222). Similar results were observed after exogenous Ang (1-7) administration (219–221) with additive effect in the combination with perindopril (41). Moreover, direct antidiabetic effects have been observed as well. Pancreatic ACE2 gene therapy prevented the loss of β-cells, increased insulin production and improved fasting glycemia with no impact on insulin sensitivity (260), thus ACE2/Ang (1-7)/Mas axis acts as a pro-survival compensatory mechanism during DCM.

PDE5 inhibitors have been used as drugs for erectile dysfunction or pulmonary hypertension for many years now (261). Recently, tadalafil (20 mg once daily for 20 weeks) was investigated for its vasodilatory effect in diabetic hearts (RECOGITO trial, NCT01803828). It was successful in decreasing heart remodeling and inflammation with improved renal function, however, this effect was only observed in male participants, unlike their female counterparts (223). Additional beneficial results (decreased cardiomyocyte apoptosis, oxidative stress, myocardial hypertrophy and fibrosis with improved diastolic function) were observed in Zucker Diabetic Fatty (ZDF) rats treated with vardenafil l (224).

Some other agents are able to mitigate fibrosis via their primary target and include caficrestat (231), mito-TEMPO (209), fingolimod (226), NAC (211–213), MSCs (250, 262), melatonin (242), flavonoids (237), capsaicin (243) and sulforaphane (244–247).




5.1.4 Cardiac inflammation

To this date, there is currently no medication approved specifically for the treatment of myocardial inflammation. Few papers focused on this issue in DCM models trying to solve this problem. p38 MAPK inhibitor SB 203580 might have decreased cardiac inflammation but did not change cardiac fibrosis and diastolic dysfunction compared to placebo (229). Better results were obtained with NLRP3 inflammasome inhibitor MCC950 which was able to ameliorate cardiac inflammation with additional decrease in apoptosis, oxidative stress and fibrosis (225). Some positive effects were also found with fingolimod treatment which promoted improved myocardial blood perfusion, contractility and decreased fibrosis (226–228). Pyrrolidine dithiocarbamate (PDTC) acting as an inhibitor of pro-inflammatory NF-κB in obese db/db diabetic mice mitigated oxidative stress, improved mitochondrial structural integrity, increased ATP synthesis and ultimately restored cardiac function (230).

H3-RLX (215), FT23 (216), FT011 (217), AAV FGF21 (206), tadalafil (223), MSCs (249, 250), oxymatrine (248), flavonoids (239), capsaicin (243), ginsenosides (263) and sulforaphane (244–247) also exert anti-inflammatory properties as a secondary effect.

Nevertheless, none of these studies looked at overall systematic side effects with the concern for general immunosuppression and negative CV side effects observed with many common immunosuppressants (264). Ultimately, small studies (13-50 patients per group) found etanercept (265–267), methotrexate (268) and thalidomide (269) safe and effective for improving quality of life. On the other hand, larger studies (270) (>300 patients per group) did not find any significant improvement of immunosuppression in HF. Clinical benefit of prednisone and azathioprine in dilated cardiomyopathy with possible myocarditis is similarly controversial (271, 272).




5.1.5 Cardiac cell death

Necroptosis poses a novel approach in the understanding of cardiomyocyte cell death. As we mentioned above (22, 23), RIPK3 and CaMKII may play an important role in the pathophysiology of DCM. Although there are several studies of RIPK3 inhibition (GSK’872) during I/R injury (273) and cardiac fibrosis (274)/hypertrophy (275) via CaMKII pathway, there are no record on DCM yet. Ultimately, apoptosis and necroptosis are under the physiological conditions the last resort of defense against cancer (276) and viral infections (277, 278), thus systemic side effects of their inhibition cannot be underestimated and must be taken with precaution.




5.1.6 Dietary and herbal therapeutics for patients with DCM

Among the numerous experimental drugs for DCM, there are also some experimental studies involving several natural products (see Table 2). Ginsenosides from plant Panax ginseng can inhibit ROS production, stimulate NO production, increase blood circulation, ameliorate vasomotor tone and adjust lipid profile (280). In the animal model of DCM, ginsenosides were observed to decrease cardiac inflammation via inflammasome and pyrroptosis inhibition (263). Sophora flavescens, a plant from Chinese medicine, contains a quinolizidine alkaloid oxymatrine possessing anti-inflammatory, antifibrotic and antioxidant properties (248, 279, 281) in models of HF, I/R injury and DCM. Flavonoid compounds are natural plant antioxidants (282) found ubiquitously in the plant kingdom. Quercetin (237, 238), apigenin (239), dihydromyricetin (240) and naringenin (241) were identified to decrease oxidative stress and inflammation in animal models of DCM which manifested as improved contractility and decreased cardiac fibrosis. Within the flavonoid chemical group, diosmin, hesperidin and oxerutin (283, 284) are already well-established compounds in the treatment of various circulatory diseases, such as hemorrhoids, chronic venous insufficiency and others. Increasing evidence suggests that cardioprotective effects of flavonoids in various cardiometabolic diseases should not be underestimated as they propose good candidates for bigger clinical trials targeting not only the blood vessels but also the heart.

Table 2 | Herbal and dietary components in the treatment of DCM.


[image: Table listing natural products, their mechanisms, plant origins, and references. Ginsenosides from Panax ginseng, oxymatrine from Sophora flavescens, capsaicin from Capsicum annuum, flavonoids from various plants, sulforaphane from Brassica oleracea, and melatonin from ubiquitous sources. References are provided for each entry.]
Besides herbal medicine, common dietary components were also found to improve symptoms of DCM. The main and best-known spicy constituent of peppers (Capsicum annuum), capsaicin, activates not only sensory but also vascular and cardiac TRPV1 ion channels and modulates multiple pathological processes in diabetic hearts (243). Cultivars of Brassica oleracea (broccoli, brussels sprouts, cabbage, etc.) are known to decrease cardiac oxidative stress, hypertrophy, and fibrosis with increase of systolic function through their metabolite sulforaphane, a Nrf2 activator (244–247). Melatonin was first discovered in animals but later also found in plants, fungi, and bacteria. It has a profound antioxidant effects acting primary as a free radical scavenger, while it also stimulates antioxidative enzymes, increases the efficiency of mitochondrial oxidative phosphorylation and reduces electron leakage thus lowering free radical generation (285). Beyond the effects on OS, mitochondria and myocardial cell metabolism, melatonin reduces vascular endothelial cell death, reverses microcirculation disorders, reduces myocardial fibrosis and regulates cell autophagy and apoptosis (242).





5.2 Future therapeutic promises

Based on current and experimental therapeutic options for DCM discussed in this review, it is obvious that extensive research is yet to come. In fact, treatment itself will not affect the disease prognosis in most cases. It is based on improving the quality of life and postponing hospitalization for a relatively brief period, thus only symptomatic, not causal. The main reason is a poor understanding of underlying pathophysiology of DCM. Fibrosis is one the main drivers of HF (39), though it can be only slowed down, not reversed. Fibrosis is accompanied by chronic inflammation (39) but again, current (nor experimental) drugs are not very efficient or selective in its treating. Finally, the cell death of cardiomyocytes is almost not addressed at all. Although some experimental drugs already exist, they are not selective for cardiac tissue and can be very toxic (e.g., risk of cancer) (286).

The answer (for at least maximizing efficacy with limited toxicity) can be using specialized drug delivery systems (287–289), such as nanopolymers, lipid-based nanocarriers, cyclodextrins and gene delivery. This might be a game changer in treating HF; nevertheless, massive research is still to be done. It is theoretically plausible even to reverse the damage of the heart. There is some evidence for MSCs and their exosomes to be able to restore pancreatic β-cells (290) or to replace dead cardiomyocytes (262), although this mechanism has become controversial in recent years (291) (injected stem cells do not survive for a long period of time and paracrine regulation is becoming a more popular theory). Therefore, the real cure for DCM lies ahead.
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Background

Recent studies have shown that the triglyceride glucose index (TyG) and cystatin C (CysC) are closely related to cardiovascular disease, but there is limited research on the prognosis of patients with acute coronary syndrome (ACS) after percutaneous coronary intervention (PCI). The aim of this study was to explore the predictive value of the combination of the TyG index and CysC in predicting major adverse cardiovascular events (MACEs) in ACS patients who underwent PCI.





Methods

This retrospective study included 319 ACS patients who underwent PCI. The clinical endpoint was the occurrence of MACEs, including all-cause mortality, heart failure, non-fatal myocardial infarction, target vessel revascularization, and angina requiring hospitalization. Patients were classified into MACEs (65 cases) and non-MACEs (254 cases) groups. Univariate factor and multivariate analysis were used to identify predictors of MACEs. The receiver operating curve (ROC) of the prediction model of MACEs was determined. Additionally, the net reclassification improvement and integrated discrimination improvement indexes were calculated to further assess the additional predictive value of the risk factors for MACEs. Subgroup and interaction analysis between the TyG index combined with CysC and MACEs were conducted in various subgroups. Patients were stratified according to the optimal cutoff point value of the TyG index and the CysC determined by ROC curve analysis. The Kaplan–Meier analysis method was used to construct a survival curve 1 year after PCI.





Results

During a median follow-up period of 14 months, 65 (20.38%) patients had experienced at least one primary endpoint event. Multivariate logistic regression analysis indicated that the TyG index and CysC were independently associated with an increased risk of MACEs after PCI (OR, 2.513, 95% CI 1.451–4.351, P= 0.001; and OR, 4.741, 95% CI 1.344–16.731, P=0.016, respectively). The addition of the TyG index and CysC to the baseline risk model had the strongest incremental effect for predicting MACEs in terms of the C-statistic from 0.789 (95% CI 0.723–0.855, P<0.001) to 0.799 (95% CI 0.733–0.865, P<0.001). Furthermore, Kaplan–Meier analysis demonstrated that a TyG index greater than 9.325 and a CysC value greater than 1.065 mg/ml were significantly associated with an increased risk of MACEs (log‐rank, all P < 0.01).





Conclusion

The TyG index predicts MACEs after PCI in patients with ASC independent of known cardiovascular risk factors. Adjustment of the CysC by the TyG index further improves the predictive ability for MACEs in patients with ACS undergoing PCI. Thus, both of them are expected to become new prognostic indicators for MACEs in patients with ACS after PCI.
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1 Introduction

Acute coronary syndrome (ACS), as a common cardiovascular disease (CVD), has a critical condition, high mortality rate, and poor prognosis (1). Percutaneous coronary intervention (PCI) can restore effective blood flow reperfusion, improve myocardial ischemia, alleviate clinical symptoms, reduce ischemic complications, and improve survival (2). However, patients with large-scale infarction or those who have not undergone timely revascularization still have a risk of developing acute myocardial infarction (AMI) complications and major adverse cardiovascular events (MACEs) in the short term, and the prognosis is not optimistic (3). Insulin resistance (IR) is not only the main pathogenesis of diabetes but also an important risk factor for the incidence rate and prognosis of CVDs (4). As a new index to evaluate insulin sensitivity, the triglyceride glucose (TyG) index is not only closely related to IR but also to many CVDs. Previous studies have shown that the TyG index is related to coronary artery calcification, atherosclerosis, and symptomatic coronary artery diseases (CADs) (5–7). Cysteine C(CysC) has also been proven to be closely related to CVDs such as peripheral arterial disease, heart failure (HF), and CAD (8, 9). At present, there are few clinical studies on the prediction of postoperative prognosis in patients with initial ACS by the TyG index combined with CysC. Therefore, this study collected first-time ACS cases to explore the relationship between the TyG index combined with CysC levels and disease severity and postoperative clinical outcomes to provide ideas for improving clinical risk stratification and prognosis in patients after PCI.




2 Methods



2.1 Study population

ACSs are characterized by a sudden reduction in blood supply to the heart and include ST-segment elevation myocardial infarction (STEMI), non-STEMI (NSTEMI), and unstable angina. The criteria for ACS diagnosis are as follows: 1) chest discomfort at rest is the most common presenting symptom of ACS; 2) electrocardiography can distinguish between STEMI and non-ST-segment elevation ACS (NSTE-ACS); and 3) high-sensitivity troponin measurements are the preferred test to evaluate for NSTEMI (10). The inclusion criteria were as follows: 1) over 18 years old; 2) diagnosed with ACS; and 3) patients undergoing PCI for the first time. The exclusion criteria were as follows: 1) patients with severe liver and kidney dysfunction; 2) patients with severe infectious diseases; and 3) patients with concurrent malignant tumors. We used GPower3.1 to calculate the sample size, effect size d=0.5, a=0.05, 1-β=0.8, according to the above calculation formula, the required sample size is 64 people.

Ultimately, 319 patients who visited the First Affiliated Hospital of the Army Medical University from January 2021 to March 2023 were included in the final analyses. Of these, 252 were males and 67 were females, with ages ranging from 33 to 87 years, with an average age of 61.07 ± 10.94 years. The 319 patients were divided into two groups based on whether MACEs occurred during the observation period: the MACEs group (65 cases) and the non-MACES group (254 cases) (Figure 1). This study was approved by the Ethics Committee of the First Affiliated Hospital of the Army Medical University, and all selected research subjects signed informed consent forms.

[image: Flowchart detailing a study from January 2021 to March 2023 of ACS patients undergoing PCI. Inclusion criteria: age 18 and above, ACS diagnosis, successful emergency PCI, totaling 429 patients. Excluded 110 patients due to severe liver, kidney dysfunction, infectious diseases, or malignant tumors. Final analysis included 319 patients, median follow-up of 14 months. MACE defined as all-cause death, heart failure, target vessel reconstruction, or angina needing hospitalization. Of these, 254 patients had no events, and 65 had events.]
Figure 1 | Flow chart of the study population. ACS, acute coronary syndrome; PCI, percutaneous coronary intervention; MACES, major adverse cardiovascular event.




2.2 Data collection and definitions

The patients’ basic clinical data, laboratory indicators, cardiac ultrasound data, and PCI data were collected. The clinical data, such as gender, age, hypertension, diabetes and renal insufficiency history, were collected through a review of the electronic medical record. Hypertension was defined as systolic blood pressure ≥ 140 mmHg and/or diastolic blood pressure ≥ 90 mmHg (11). Diabetes was defined according to one of the following criteria: (1) self-reported diabetes that was previously diagnosed by a physician or the use of glucose-lowering drugs before hospitalization; (2) any one of the characteristic symptoms of diabetes, such as thirst, polyuria, polyphagia, and weight loss with any blood glucose estimation exceeding 11.1 mmol/L; (3) a fasting blood glucose level in excess of 7.0 mmol/L after an overnight fast of 8 h; and (4) a 2-h blood glucose estimation exceeding 11.1 mmol/L after a 75 g glucose load via an oral glucose tolerance test after an overnight fast of 8 h (12). Laboratory indicators of patients before PCI were collected, including urea (Urea), creatinine (Cr), uric acid (UA), cystatin C (CysC), glomerular filtration rate (eGFR), total cholesterol (TC), triglycerides (TGs), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), glycated hemoglobin, fasting plasma glucose (FPG), and B-type natriuretic peptide precursor (BNP). The TyG index was calculated using the following formula: ln [fasting TG (mg/dL) × FPG (mg/dL)/2]. Measurement of the left ventricular ejection fraction (LVEF) was conducted using echocardiography. Data regarding patient imaging results, time from onset to visit, the location of infarction, and the number of coronary artery lesions during PCI were collected.




2.3 Endpoints

The endpoint of this study was major adverse cardiac events(MACEs)at a median 14-month follow-up. The MACEs included the following: all-cause mortality, HF, non-fatal myocardial infarction, target vessel revascularization, angina requiring hospitalization, and HF.




2.4 Grouping

Patients were divided into MACEs and non-MACES groups based on whether MACEs occurred during observation; According to cutoff point of the ROC curve, patients were divided into two groups based on the cutoff values for predicting cardiovascular events using the TyG index and CysC: high TyG index group (<9.325), low TyG index group (≥9.325), high CysC group (<1.065), and low CysC group (≥1.065).




2.5 Statistical processing

Statistical analysis was conducted using SPSS 23.0 and R Programming Language version 4.0.2 software. Continuous variables were described as mean ± standard deviation and categorical variables were described as counts and percentages. T-tests were used for data that followed a normal distribution, and non-parametric rank sum tests were used for data that did not follow a normal distribution. Comparisons between two groups were conducted using a χ2 test. Variable factor and univariate factor logistic regression analyses were used to identify MACEs predictors. Variables with univariate p-values <0.10 were selected for multivariate analysis and are expressed as odds ratios (ORs) with 95% confidence intervals (CIs). The receiver operating characteristic (ROC) curves were used for diagnostic value analysis, and the area under the curve, as measured by the C-statistic, was computed to quantify the predictive power of logistic models for MACEs. Additionally, the net reclassification improvement (NRI) and integrated discrimination improvement (IDI) indexes were calculated to further assess the additional predictive value of the risk factors for MACEs. Survival was graphically represented using Kaplan–Meier curves. Differences in survival rates were compared using the log-rank test. A two-tailed p-value <0.05 was regarded as statistically significant.





3 Results



3.1 Baseline characteristics of the total population

The median follow-up time for the 319 patients included in the criteria was 14 months. There were 65 cases in the MACEs group, accounting for 20.38% of the total, and 254 cases in the non-MACES group, accounting for 79.62% of the total. The characteristics of the included and excluded patients are compared in Figure 1. The baseline characteristics of the total population are summarized in Table 1. There were statistically significant differences between the MACEs group and the non-MACES group in diabetes mellitus, renal dysfunction, number of treated vessels, Cr, TG, HDL-C, FPG, CysC, and the TyG index (P<0.05). There were no significant differences between the two groups in terms of age, sex, hypertension, LVEF, UREA, UA, eGFR, TC, LDL-C, HbA1c, BNP, and clinical classification. In brief, compared with participants without MACEs, participants with MACEs had greater proportions of cardiometabolic risk factors, including diabetes mellitus, renal dysfunction, and the number of treated vessels (all P<0.05). In addition, participants with MACEs showed elevated concentrations of Cr, CysC, TG, and FPG, as well as a higher TyG index. Furthermore, participants experiencing MACEs had lower levels of HDL-C (all P<0.05).

Table 1 | Baseline characteristics of the total population.


[image: A table presents clinical and demographic data of 319 subjects divided into those with and without major adverse cardiac events (MACES). Variables include age, sex, hypertension, diabetes mellitus, and renal dysfunction among others. Data on treated vessel numbers and echocardiography results are shown, alongside laboratory measurements like urea, creatinine, uric acid, lipids, and glucose levels. Statistical comparisons include t-values, chi-square values, and p-values indicating significance levels. The clinical classification distinguishes between STEMI, non-ST elevation acute coronary syndrome, and unstable angina cases. Data is expressed as mean, standard deviation, or proportion.]



3.2 Analysis of MACEs risk factors

Univariate and multivariate logistic regression analyses were performed to determine the predictors for MACEs in the overall population (Table 2). The risk factors for MACEs were diabetes mellitus, renal dysfunction, Cr, CysC, TG, FPG, and the TyG index, (all P<0.05). Furthermore, we found that a higher TyG index was significantly associated with an increased risk of the primary endpoint in patients in univariate analysis (OR=2.423, 95% CI 1.641-3.577, P=0.000) and in multivariate analysis (OR=2.513, 95% CI 1.451-4.351, P=0.001). Likewise, CysC was significantly associated with an increased risk of MACEs in univariate analysis (OR=5.019, 95% CI 2.184–11.537, P=0.000) and in multivariate analysis (OR=4.741, 95% CI 1.344–16.731, P=0.016). Moreover, the results indicated that the number of treated vessels was significantly associated with MACEs in the patient in univariate analysis (OR=3.608, 95% CI 2.239–5.815, P=0.000) and in multivariate analysis (OR=3.775, 95% CI 2.223–6.411, P=0.000).

Table 2 | Univariate and multivariate analyses for predictors of MACEs in the overall population.


[image: Table comparing univariate and multivariate analyses of various health factors. Demographics include age, gender, hypertension, diabetes mellitus, renal dysfunction, and number of treated vessels. Echocardiography covers LVEF. Laboratory data features urea, creatinine, uric acid, cystatin C, eGFR, total cholesterol, triglycerides, HDL-C, LDL-C, FPG, HbA1c, BNP, and TyG index. Odds ratios, confidence intervals, and P-values are noted, with significant values in bold.]



3.3 Incremental predictive performance of the TyG index and CysC in the risk assessment of MACEs

The synergistic effect of the TyG index and CysC on the prediction of MACEs in patients with ASC undergoing PCI is shown in Table 3; Figure 2. Compared with the baseline model of established risk factors (Model 1), the addition of CysC (Model 2) significantly increased the C-statistic from 0.789 (95% CI 0.723–0.855, P<0.001) to 0.798 (95% CI 0.732–0.865, P<0.001). The C-statistic of the TyG index (Model 3) was 0.788 (95% CI 0.722–0.854, P<0.001). Moreover, the combination of the TyG index and CysC (Model 4) had the strongest incremental effect for predicting MACEs in terms of the C-statistic from 0.789 (95% CI 0.723–0.855, P<0.001) to 0.799 (95% CI 0.733–0.865, P<0.001), and significantly improved reclassification as assessed by the NRI (0.106, 95% CI −0.163–0.374, P=0.041) and IDI (0.023, 95% CI 0.0004–0.046, P=0.048).

Table 3 | Evaluation of predictive models for MACEs.


[image: Table comparing four models based on NRI, IDI, and C-statistics. Model 1 serves as a reference. Model 2 shows NRI 0.229, IDI 0.021, C-statistics 0.798. Model 3 shows NRI 0.134, IDI 0.001, C-statistics 0.788. Model 4 shows NRI 0.106, IDI 0.023, C-statistics 0.799. All have P values, with Model 4 having the lowest IDI P value of 0.048. Definitions provided: MACEs, PCI, ACS, Cr, TG, CysC, TyG.]
[image: Receiver Operating Characteristic (ROC) curve comparing four models. The x-axis represents 1-specificity, and the y-axis represents sensitivity. Model 1 (orange, AUC=0.789), Model 2 (blue, AUC=0.798), Model 3 (green, AUC=0.788), and Model 4 (light blue, AUC=0.799) show varying performances close to the diagonal line.]
Figure 2 | ROC curve analysis of the four models predicting MACEs after PCI. The areas under the ROC curves of Model 1, Model 2, Model 3, and Model 4 for predicting the occurrence of MACEs in ACS patients after PCI were 0.789 (95% CI 0.723–0.855, p<0.001), 0.798 (95% CI 0.732–0.865, p<0.001), 0.788 (95% CI 0.722–0.854, p<0.001), and 0.799 (95% CI 0.733–0.865, p<0.001), respectively. ROC, receiver operating characteristic; MACEs, major adverse cardiac events; PCI, percutaneous coronary intervention; ACS, acute coronary syndrome. CysC, cystatin C; TyG index, triglyceride glucose index.




3.4 Subgroup analysis

The subgroup analysis showed that the association between the TyG index and the risk of MACEs was similar across patient subgroups stratified by age, gender, vessel disease, hypertension, diabetes mellitus, Urea, Cr, eGFR, TG, TC, HDL-C, LDL-C, FPG, and HbA1c (P-values for interaction >0.05) (Figure 3). The subgroup analysis showed that the association between Cys C and the risk of MACEs was similar across patient subgroups stratified by age, gender, vessel disease, hypertension, diabetes mellitus, Urea, Cr, eGFR, TG, HDL-C, LDL-C, FPG, and HbA1c (P values for interaction >0.05), The impact of CysC on MACEs is more significant in individuals with low TC levels (Figure 4).

[image: Forest plot illustrating odds ratios (OR) and 95% confidence intervals (CI) for various subgroups related to triglycerides and glucose (TYG). Categories include sex, age, vessel disease, hypertension, diabetes mellitus, and biomarkers like urea, creatinine, eGFR, TG, TC, HDL_C, LDL_C, FPG, and HbA1c. Each line represents a subgroup with their respective OR, CI, P-value, and interaction P-value. Green squares denote point estimates, with lines indicating confidence intervals. Factors such as male sex, older age, and multiple vessel diseases show significant associations, evidenced by higher ORs and lower P-values.]
Figure 3 | Subgroup and interaction analysis between the TyG index and MACEs across various subgroups. Urea, urea nitrogen; Cr, creatinine; UA, uric acid; eGFR, estimated glomerular filtration rate; TC, total cholesterol; TG, triacylglycerol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; FPG, fasting plasma glucose; HbA1c, hemoglobin A1c; TyG index, triglyceride glucose index; CysC, cystatin C.

[image: Forest plot showing associations of various factors with Cystatin C levels. Factors include sex, age, vessel disease, hypertension, diabetes mellitus, urea, creatinine, eGFR, triglycerides, total cholesterol, HDL-C, LDL-C, fasting plasma glucose, and HbA1c. Each factor displays odds ratios with 95% confidence intervals and corresponding p-values. Green squares indicate effect sizes, with horizontal lines representing confidence intervals.]
Figure 4 | Subgroup and interaction analysis between CysC and MACEs across various subgroups. Urea, urea nitrogen; Cr, creatinine; UA, uric acid; eGFR, estimated glomerular filtration rate; TC, total cholesterol; TG, triacylglycerol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; FPG, fasting plasma glucose; HbA1c, hemoglobin A1c; TyG index, triglyceride glucose index; CysC, cystatin C.




3.5 Predictive value of the TyG index and CysC for the risk of MACEs

The Kaplan–Meier analysis revealed that the cumulative incidence of the primary endpoint (MACEs) was significantly higher in patients with a high TyG index (≥9.325, log-rank test, P<0.01) (Figure 5). The cumulative incidence of MACEs after PCI was significantly higher in patients with CysC (≥1.065, log-rank test, P<0.01). The risk of developing MACEs significantly increased in the high TyG index and high CysC groups. The risk of MACEs in the high TyG group was 3.279 times higher than that in the low TyG group (HR=3.279, 95% CI 1.938–5.853, P<0.0001). The risk of MACEs in the high CysC group was 1.961 times higher than that in the low CysC group (HR=1.961, 95% CI 1.092–3.522, P=0.0099).

[image: Two line graphs depict cumulative incidence of MACE-free percentage over the follow-up period in months. Graph A compares TyG index values below and above 9.325, showing lower incidence for values above. Graph B compares CysC values below and above 1.065, indicating higher incidence for values above, with a log-rank P value of 0.0099.]
Figure 5 | (A) The TyG index and risk: Kaplan–Meier curves for the incidences of MACEs. Kaplan-Meier curves of the TyG <9.325 group versus the TyG ≥9.325. (B) CysC and risk: Kaplan–Meier curves for the incidences of MACEs. Kaplan-Meier curves of the CysC <1.065 group versus the CysC ≥1.065. TyG index, triglyceride glucose index; CysC, cystatin C; MACEs, major adverse cardiac events.





4 Discussion

In this study, retrospective analysis demonstrated that, after adjusting for potential confounding factors, the TyG index and CysC remained as independent predictors of MACEs. The TyG index and CysC could independently predict the risk of MACEs in ACS patients after PCI. This study showed that ACS patients with a high TyG index and high CysC levels had a significantly increased risk of MACEs. Additionally, when adding the TyG index and CysC to established risk factors for MACEs, there was a significant improvement in risk prediction in terms of the NRI, IDI, and C statistic. This study demonstrates for the first time that the TyG index combined with the CysC model has a better predictive efficiency for short-term MACEs in ACS patients undergoing PCI. These findings suggested that physicians may apply the TyG index in combination with CysC to identify patients with high residual risk after PCI, and thus they can be subjected to targeted prevention or aggressive treatment to improve their clinical outcomes.

IR is defined as the reduction of metabolic imbalance caused by insulin promoting glucose uptake and utilization efficiency, altering systemic lipid metabolism, and is an indicator of metabolic abnormalities. IR can cause systemic glucose and lipid metabolism imbalance, leading to chronic hyperglycemia and abnormal blood lipids (13, 14). IR may be the most important independent influencing factor leading to coronary atherosclerosis. Further research has found that IR participates in the pathogenesis of CAD: first, high insulin concentration can reduce the production of nitric oxide by activating serum glucocorticoid regulated kinase 1, which in turn will induce matrix protein deposition and fibrosis, and promote coronary atherosclerosis (15). In addition, the activation of glucocorticoid receptors (GR) resulted in the stable DNA demethylation of cytosine in glucocorticoid response elements in the promoter of the liver-specific tyrosine aminotransferase (TAT) gene. The elevated glucocorticoids participated in the epigenetic regulation of particular genes associated with programmed CVDs (16). Second, IR can activate signaling pathways such as the protein kinase C pathway and nuclear factor (NF-κB). The pathway promotes the excessive production of reactive oxygen species (ROS), leading to endothelial dysfunction and CVD (17, 18). Zhuang L et al. found that IL-34 deficiency repressed both the canonical and non-canonical NF-κB signaling pathway, leading to a marked reduction in P-IKKβ and P-IκBα kinase levels and the downregulation of NF-κB p65, RelB, and p52 expression, which drove the decline in chemokine CCL2 expression, thus alleviating cardiac remodeling and HF post-ischemia/reperfusion (19, 20).

Furthermore, it was discovered that H2S suppressed macrophage inflammation caused by H2O2 through reducing the activation of the NLRP3 inflammasome, which resulted in the activation of caspase-1, ultimately decreasing the production of mitochondrial ROS (mtROS) (21). Kishi S, et al. showed that IR, a hallmark of type II diabetes mellitus (T2DM) and metabolic syndrome, has been associated with adverse cardiac remodeling and dysfunction (22). Further research has found that IR increases the levels of CaMKIId oxidization and phospholamban/RyR-2 phosphorylation, which results in abnormal intracellular calcium homeostasis and atrial structural remodeling (23).

The hyperinsulinemia glucose clamp test and HOMA-IR are recognized methods for evaluating IR, but due to their high cost, long duration, and complexity, they are difficult to implement in clinical practice (24). Research has found that compared with other IR substitutes such as the Visceral Obesity Index (VAI), the Chinese Visceral Obesity Index (CVAI), Lipid Accumulation Products (LAP), and the triglyceride to high-density lipoprotein cholesterol ratio (TG/HDL-C), the TyG index is most closely associated with the risk of major adverse cardiovascular and cerebrovascular events (MACCEs) in ACS patients undergoing PCI (regardless of whether they have T2DM or not) and provides more valuable information than other IR alternatives (25, 26). The TyG index is a simple, cost-effective, and reliable IR substitute marker and has been proven to be closely related to hyperinsulinemia normal glucose clamp and HOMA-IR results in healthy and diabetic individuals (27).

At present, the TyG index is widely used to assess the risk of CVD and has demonstrated clear correlations among several CVDs, such as ACS, arteriosclerosis, HF, and coronary artery calcification, and newly diagnosed atrial fibrillation (28–31). A meta-analysis showed a higher TyG index was associated with an increased CAD, MI, and CVD incidence compared with a lower TyG index. They observed 35% and 23% increased risks of CAD and CVD, respectively, per 1-unit increase in the TyG index (32). Another meta-analysis also confirmed that compared with patients with the lowest TyG index category, those with the highest category were independently associated with an increased incidence of atherosclerotic CVDs, CAD, and stroke (33). Chen S et al. suggested that IR is an independent predictor of AF, and hospitalized patients with an elevated TyG index had a higher prevalence of AF (34). Moreover, regardless of the presence of T2DM and HF, a higher TyG index equals more adverse outcomes (increased mortality, hospitalization rates, cardiovascular events, and reduced LVEF) (35). Further research by Wang et al. found that a higher risk of incident HF in an American population, After adjusting for potential confounders, 1-SD (0.60) increase in the baseline TyG index was associated with a 15% higher risk of HF development (36). In brief, the TyG index could serve as a simple and cost-effective marker for risk stratification and the early detection of individuals at a higher risk of CVDs.

Numerous studies have shown that TyG is also closely related to ACS. For ACS patients undergoing PCI, the TyG index may be better at predicting postoperative cardiovascular risk than FPG or HbA1C (37). Pang, S showed that the combination of TyG and the GRACE score can improve the predictive value of MACE risk in NSTE-ACS patients 2 years later (38). Yang Y et al. found relatively lower Cu could exacerbate the inflammatory response upon ischemia/reperfusion injury in patients with AMI after PCI, whereas supplementation with Cu could ameliorate tissue damage during this process (39).

However, to the best of our knowledge, no study has reported the predictive value of the TyG index and CysC in patients with ACS undergoing PCI. Therefore, our study compared the effectiveness of the TyG index and CysC to predict the risk of MACEs in patients with ACS undergoing PCI. This study demonstrated for the first time that the TyG index combined with the CysC model has a better predictive efficiency for short-term MACEs in ACS patients after PCI, compared with individual diagnostic models. It is well acknowledged that the early identification of ACS patients undergoing PCI who have a high residual risk for poor prognosis is crucial for making better management decisions to reduce future cardiovascular events.

Patients with chronic kidney disease (CKD) are at a disproportionately high risk of CVD compared with the general population, and are more likely to suffer adverse outcomes from cardiovascular events (40). Serum CysC exists as an inhibitor of cysteine protease in all nucleated cells. CysC protects cells by regulating cell protein hydrolysis, preventing them from being hydrolyzed by inappropriate proteases (41). CysC is synthesized by nucleated cells and released into the bloodstream. It is freely filtered by the glomerulus and almost completely reabsorbed and metabolized by the renal tubules, but it is not secreted. Even if there is a very small change in the eGFR, it may significantly change the serum CysC concentration. Therefore, this alkaline protein becomes a very sensitive renal filtration marker (42). In a large cohort of older adults, Lidgard B et al. showed that lower eGFR was associated with the risk of incident HF and ischemic stroke, and plasma sphingolipids partially mediated the associations between eGFR and incident HF. If so, adjusting plasma sphingolipids may be potential therapeutic options for preventing the development of incident CVD in CKD (43).

CysC is also involved in several CVDs, such as HF, AMI, and coronary heart disease. It mainly damages the cardiovascular system through affecting lipid peroxidation, coagulation function, smooth muscle cell function, and endothelial cell function (44–46). A meta-analysis showed that high levels of CysC in serum may increase the risk of readmission and all-cause mortality in HF patients (47). Navin Suthahar and their team found a strong correlation between CysC and HF in both sexes in a community cohort followed up for 12.5 years, and an increase in CysC may predict early cardiovascular dysfunction in the progression of HF (48). CysC has also been proven to be associated with the onset and prognosis of AMI in patients. Through a 4-year follow-up study in the AMI population, researchers found that CysC may serve as a potential serum predictor of HF after PCI. The probability of MACEs and all-cause cardiovascular mortality in AMI patients with high CysC levels at admission has increased (49). The combined use of CysC and cTnI has a stronger predictive ability for elderly patients with type 2 myocardial infarction than the use of CysC or cTnI alone (50).

At present, the optimal cutoff value for the TyG index has not been unified. In our study, patients with a TyG index exceeding 9.325 and CysC exceeding 1.065 had an increased risk of developing MACEs, indicating this has certain reference value and can serve as an early warning signal to guide the lifestyle of ACS patients who have previously received PCI, as well as to remind clinical doctors to perform early intervention to reduce the incidence of MACEs. We found that the combination of the two is beneficial for risk stratification and prognosis prediction in ACS patients after PCI, which helps the early detection of high-risk patients and adaption of timely treatment strategies.

The TyG index is related to FPG and TG. This study also found that diabetes mellitus, FPG, and TG are the influencing factors of MACEs in ACS patients after PCI. Complications of CVD, such as heart disease, stroke, and hypertension, may also occur after T2DM is diagnosed. Current T2DM management strategies are centered on glycemic control. However, many people either do not achieve proper blood sugar control or experience adverse side effects from blood sugar lowering medications. Therefore, the complexity of T2DM therapy and the high incidence of comorbidities emphasize the importance of prevention. Using a Mendelian randomization (MR) method, they found that the use of lipid management drugs can prevent the occurrence and risk of T2DM. Icosapent ethyl can reduce the risk of CVD by reducing TGs and the risk of T2DM by 53% through the increase in FADS1 expression (51, 52). Lipoprotein lipase can prevent the occurrence of T2DM and CVD by improving IR and insulin sensitivity (53). Therefore, lipid-lowering drugs can be used as the mechanism of CVD and potential intervention targets.

This study has the following limitations: First, no conclusions can be drawn about causality due to the single-center observational design of the study. Second, the exclusion of a considerable number of patients due to missing data and the low incidence of cardiovascular events might have underestimated the effect. Therefore, further investigation and validation via large-sample multicenter studies are needed. Third, the baseline level of the TyG index was derived from TGs and FPG on admission, which could be affected by the use of lipid-lowering and antidiabetic medications during the follow-up period. Fourth, not many indexes were included in the study, which might weaken the results. In the future, more relevant indexes should be included to explore their relationship with diseases. Finally, whether the fluctuation of the TyG index impacts its predictive ability for the prognosis in patients with ACS undergoing PCI requires further investigation.




5 Conclusion

In summary, a higher TyG index and CysC were independently associated with an increased risk of MACEs after PCI in patients with ACS. A combination of the TyG index and CysC has incremental prognostic value for the prediction of MACEs. When the TyG index is ≥9.325 or CysC is ≥1.065mg/L, the risk of MACE occurrence increased significantly. These findings suggest that physicians may apply the TyG index in combination with CysC to identify ACS patients with a high residual risk after PCI, and thus they can be subjected to targeted prevention or aggressive treatment to improve their clinical outcomes.
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Background

To investigate the association between oxidative balance score (OBS), cardiovascular mortality (CVM), and all-cause mortality (ACM) in type 2 diabetes mellitus (T2DM) patients.





Methods

We included 6,119 participants with T2DM from the 2005-2020 National Health and Nutrition Examination Surveys (NHANES). The status of CVM and ACM of participants was followed through December 31, 2019. Multivariable Cox regression models, Kaplan-Meier curves, log-rank test, restricted cubic spline regression, and subgroup analysis, were used to evaluate the relationship between OBS, CVM, and ACM.





Results

During a median of 100.9 months follow-up, 1,790 ACM cases had occurred, 508 of which were due to cardiovascular disease. The T2DM participants were divided into four groups based on the quartiles of OBS. Participants with Q4 tended to be younger, financially better-off, married, highly educated, had lower alcohol consumption rates, were non-smokers, and exhibited a lower likelihood of ACM and CVM. In multivariate Cox regression models, compared with the patients with Q4, those with Q1 had a 30% increased risk for ACM (Q1, reference; Q4, HR: 0.70, 95%CI: 0.58-0.86) and a 43% increased risk for CVM (Q1, reference; Q4, HR: 0.57, 95%CI: 0.36-0.88). The restricted cubic spline regression models have no nonlinear relationship between OBS, CVM, and ACM. Kaplan-Meier survival curves showed that patients with Q4 had a lower risk of ACM and CVM (log-rank P < 0.05).





Conclusions

We find that ACM and CVM increase with higher OBS in T2DM patients. Moreover, there are linear relationships between OBS, ACM, and CVM.





Keywords: oxidative balance score, cardiovascular, all-cause mortality, type 2 diabetes mellitus, dietary




1 Introduction

Type 2 diabetes mellitus (T2DM), a chronic metabolic disorder, has exhibited a significant growth trend globally due to changes in lifestyle, population aging, and accelerated urbanization. The number of adults with diabetes has increased from 108 million in 1980 to 463 million in 2019, and 90-95% of these cases are T2DM patients (1). It is predicted that the prevalence of T2DM among adults in the United States will reach 25-28% by 2050 (2). T2DM not only has a profound impact on patients’ quality of life but also can trigger a series of severe complications, posing a significant threat to patients’ health and life. This has become one of the significant challenges in the current public health landscape. Diabetes is a cause of one in nine deaths among adults aged 20-79, emphasizing the crucial clinical significance of identifying an appropriate predictor for T2DM mortality (3).

Cardiovascular disease is the principal cause of death and morbidity among T2DM patients (4). According to statistics, the risk of cardiovascular disease in T2DM patients is twice that of non-diabetic patients. Atherosclerosis and heart failure are the most common complications in T2DM patients, and they are significant contributors to morbidity and mortality (5). Current research indicates that circulating metabolites such as hexanoylcarnitine, tryptophan, and kynurenine have been confirmed to be associated with and improve the prediction of all-cause mortality (ACM) in T2DM patients (6). Furthermore, high uric acid levels in T2DM are linked to cardiovascular mortality (CVM). However, while these biomarkers have improved prediction accuracy to a certain extent, their popularity and clinical application value still require further validation.

The oxidative balance score (OBS) is a composite index based on quantiles or categories related to dietary/lifestyle exposures (7). The OBS measures the balance between oxidant and antioxidant exposures, with a higher OBS indicating a dominance of antioxidant exposure, studies have shown a correlation between OBS and the occurrence of T2DM and cardiovascular diseases (8, 9). OBS has been found to have a significant correlation with the incidence of non-alcoholic fatty liver disease (NAFLD) and metabolic dysfunction-associated fatty liver disease (MASLD) among American adults, as well as with ACM associated with MASLD (10, 11). In addition, OBS has been associated with depression, sleep quality, periodontitis, and kidney disease (12–15). Another study has demonstrated that OBS is inversely associated with ACM and CVM (16). By measuring OBS, we can gain a deeper understanding of the pathogenesis of related diseases, providing novel insights into their treatment and prevention.

OBS possesses a unique advantage in assessing the prevalent oxidative stress state in T2DM. However, the current understanding of the relationship between OBS and ACM or CVM among T2DM is still unclear. Therefore, conducting in-depth studies to explore the association between OBS and the prognosis of T2DM is of significant importance and value to the research.




2 Method



2.1 Study population

The National Health and Nutrition Examination Surveys (NHANES), a program sponsored by the Centers for Disease Control and Prevention (CDC), aims to evaluate the American populace’s health status comprehensively. The data utilized for our analyses were drawn from the NHANES database spanning 2005 to 2020, encompassing 116,876 participants. The Institutional Review Board of the Centers for Disease Control and Prevention approved the NHANES study protocol, ensuring rigorous ethical standards were upheld. In this study, non-T2DM participants without complete information on mortality, OBS, T2DM, weighted, and covariates were excluded; we enrolled 6,119 participants for the final analysis of this research (Figure 1). The survival status of participants was followed up to December 31, 2019. Additionally, all participants gave informed consent, indicating their voluntary participation and understanding of the study’s objectives and procedures.

[image: Flowchart displaying the selection process of participants from the NHANES dataset (2005-2020, N=116,876). Exclusions occurred due to incomplete mortality data (57,812), incomplete OBS data (1,169), incomplete diabetes data (1,636), and non-diabetic individuals (47,072), leaving 9,187. Further exclusions for incomplete weighting (131) and covariate data (2,937) resulted in 6,119 participants included in the study.]
Figure 1 | Flow chart of the sample selection from NHANES 2007-2016.




2.2 Exposure definitions

The calculation of OBS is based on early research (13, 17, 18). OBS was divided into 16 dietary OBS and four lifestyle OBS, including two prooxidants and 14 antioxidants (19).

The dietary factors were classified into prooxidants (total fat and iron) and antioxidants (β-carotene, dietary fiber, copper, vitamin B6, vitamin B12, vitamin C, niacin, vitamin E, total folate, vitamin B2, magnesium, calcium, zinc, and selenium) according to the effect on oxidative stress. Lifestyle factors were classified as prooxidants (alcohol intake, BMI, and cotinine) and antioxidants (physical activity). Dietary OBS components were assessed in the NHANES using 24-hour food recalls. Physical activity, expressed as weekly metabolic equivalents (MET), was calculated using data on leisure time activities over the past 30 days acquired from household interviews. The primary exposure was OBS and the primary outcomes were ACM and CVM. We used multivariate Cox regression models to assess these relationships, with stepwise adjustments to control for potential confounders.




2.3 Data collection

Questionnaires were collected at baseline to obtain demographic information, including age, personal income ratio (PIR), body mass index (BMI), sex, race, marital status, and education level. Additionally, personal medical history was assessed for T2DM, hypertension, and cardiovascular disease (CVD). Smoking status was categorized as former, current, or never while drinking status was classified as no, moderate, or heavy.

Physical examinations included height, weight, systolic blood pressure (SBP), and diastolic blood pressure (DBP). Blood samples were collected after an 8-hour fast to measure fasting blood glucose (FBG) and conduct other laboratory tests.




2.4 Clinical outcome

ACM refers to deaths occurring for any reason, including cardiovascular disease or cerebrovascular disease, prior to December 31, 2019. Mortality data were obtained from the NHANES-linked mortality files covering 1999-2019. We censored the time from enrollment (date of interview) to death. CVM was defined using the International Classification of Diseases, Tenth Revision codes (I00-I09, I11, I13, I20-I51). Participants who did not have any recorded deaths during the follow-up period were considered alive.




2.5 Statistical analysis

The data were processed by NHANES analytical guidelines (20–22). Continuous variables were expressed as mean ± standard deviation for normally distributed variables or median (interquartile range) if the data were not normally distributed. Categorical variables were presented as numbers (n) and percentages (%). The one-way ANOVA (continuous variables with Gaussian distribution), Kruskal-Wallis H-test (continuous variables with non-Gaussian distribution), or chi-square tests (Differences between groups for categorical variables) were used to assess differences according to OBS quartiles (Q1 ≤ 13, 13<Q2 ≤ 18, 18<Q3 ≤ 24, Q4>24) in groups. Multivariable Cox regression analysis was used to estimate the adjusted hazard ratio (HR) and 95% confidence interval (95% CI) for ACM and CVM according to OBS, lifestyle OBS, and dietary OBS. We used a multivariate Cox regression model to estimate adjusted HRs and 95% CIs because Cox proportional risk models are suitable for analyzing survival data and can handle multiple covariates. Model 1 was constructed without adjusted covariates. Model 2 adjusts for age, sex, and race. Model 3 further adjusts PIR, marital status, education level, smoking status, and hypertension. We performed survival analysis using standardized Kaplan-Meier curves and the log-rank test. The restricted cubic spline (RCS) regression model then tested the association between OBS, ACM, and CVM. Finally, we conducted a subgroup analysis, including age (<60 or ≥60 years), sex (male or female), BMI (<30 or ≥30 kg/m2), smoking (former, now or never), and hypertension (yes or no).

Statistical significance was defined as a two-sided P-value < 0.05. R version 3.3.2 (R Foundation for Statistical Computing, Vienna, Austria) was used for all statistical analysis.





3 Results



3.1 Baseline characteristics

During the continuous NHANES cycles from 2005 to 2020, a total of 6,119 participants were included. Table 1 presents the baseline characteristics of the study participants, categorized by quartiles of OBS. The average age of the included participants was 59.06 ± 0.27 years, with 3,012 females (49.43%). Among the participants, there were 1,198 Mexican Americans (8.44%), 1,522 Non-Hispanic Black individuals (13.89%), 2,452 Non-Hispanic White individuals (66.20%), 526 Other Hispanic individuals (5.13%), and 421 other race individuals (6.34%). While no significant differences were observed in sex, BMI and C-reactive protein (CRP) across the quartiles of OBS, significant variations were found among participants in different quartiles concerning age, PIR, race, marital status, education level, alcohol consumption, smoking, hypertension, and CVD. Specifically, the prevalence of CVD from the lowest to the highest quartile of the OBS was 31.99%, 24.09%, 21.76%, and 19.72%, respectively. In addition, participants with Q4 tended to be younger, financially better-off, married, highly educated, have lower alcohol consumption rates, be non-smokers, and exhibit a lower likelihood of ACM and CVM. Besides, compared to deceased patients, survivors show higher OBS, dietary OBS, and lifestyle OBS. More information can be found in Table 2.

Table 1 | Baseline characteristics of participants according to the OBS quartiles.


[image: Table showing characteristics of a study population divided by oxidative balance score quartiles (Q1 to Q4) and overall. Categories include age, sex, race, poverty income ratio, marital status, education level, drinking status, BMI, C-reactive protein, smoking status, hypertension, cardiovascular disease, all-cause mortality, and cardiovascular mortality. P-values indicate statistical significance for each characteristic across quartiles.]
Table 2 | Characteristics of the study population grouped by survival status.


[image: A statistical table compares survival and non-survival groups across various characteristics, such as age, sex, race, marital status, education, BMI, oxidative balance scores, drinking and smoking statuses, and hypertension. Each category is presented with percentages and P-values. Significant differences between groups are noted with P-values below 0.001 for most categories, indicating statistical significance.]



3.2 Relationships between OBS, ACM and CVM

During an average follow-up period of 100.9 months, there were 1,790 cases of ACM and 508 cases of CVM. In multivariate Cox regression models (Table 3), patients with T2DM in Q4 showed significantly lower risk of ACM and CVM compared with patients in Q1. Specifically, in model 1, patients in Q4 had an HR of 0.47 (95% CI: 0.38-0.58) for ACM and 0.39 (95% CI: 0.25-0.59) for CVM. Even after adjusting for confounders such as age, sex, race, PIR, marital status, education level, smoking status, and hypertension, patients in Q4 had an HR of 0.70 (95% CI: 0.58-0.86) for ACM and 0.57 (95% CI: 0.36-0.88) for CVM.

Table 3 | Association between OBS and mortality of the T2DM population.


[image: A table comparing hazard ratios (HR) and p-values for all-cause and cardiovascular mortality across three models. Each model provides HR and p-values for overall oxidative balance score (OBS) and its quartiles (Q1-Q4). The models adjust for different variables, with Model 1 unadjusted, Model 2 adjusted for age, sex, and race, and Model 3 further adjusted for additional factors like marital status and smoking. P-values for trends are also included.]
The Kaplan-Meier curves and the log-rank test revealed significant differences among the four groups, with the Q4 group demonstrating a higher survival probability (Figure 2). RCS analysis indicated a linear relationship between OBS, ACM and CVM, with ACM and CVM increasing with higher OBS (Figure 3).

[image: Two Kaplan-Meier plots displaying survival probability over time in months, divided by OBS quartiles labeled Q1 to Q4. The left plot shows declining survival probabilities with significant differences between quartiles, indicated by a log-rank p-value of less than 0.001. The right plot also demonstrates separated curves for the quartiles, maintaining a significant log-rank p-value under 0.001.]
Figure 2 | Kaplan-Meier curve of the OBS group for all-cause mortality (Left) and cardiovascular mortality (Right).

[image: Two line graphs showing hazard ratio (HR) versus observations (OBS). Both graphs feature a red line with a shaded area representing the confidence interval. The overall P-value is less than 0.001, and the non-linear P-value is 0.237. Both graphs exhibit a downward trend.]
Figure 3 | Restricted cubic splines analysis between OBS, all-cause mortality (Left), and cardiovascular mortality (Right).




3.3 Relationships between lifestyle, dietary OBS, ACM, and CVM

Table 4 illustrates the relationship between lifestyle, dietary OBS, and both ACM and CVM in T2DM. As continuous variables, both dietary OBS and lifestyle OBS were significantly associated with a decreased risk of ACM in T2DM (lifestyle OBS: HR = 0.91, 95% CI 0.87-0.96, P < 0.001; dietary OBS: HR = 0.98, 95% CI 0.97-0.99, P < 0.05) and CVM (lifestyle OBS: HR = 0.89, 95% CI 0.82-0.97, P < 0.05; dietary OBS: HR = 0.97, 95% CI 0.95-0.99, P < 0.05) in fully adjusted Model 3.

Table 4 | Association between lifestyle OBS, dietary OBS, and mortality of T2DM.


[image: A table comparing hazard ratios (HR) and p-values across three models for all-cause and cardiovascular mortality. Model 1 is unadjusted, Model 2 is adjusted for age, sex, and race, and Model 3 further adjusts for additional factors. For all-cause mortality, lifestyle oxidative balance score (OBS) shows HRs of 0.92, 0.84, and 0.91 across models with p-values 0.001, <0.001, <0.001. Dietary OBS shows HRs of 0.96, 0.97, and 0.98 with p-values <0.001, <0.001, 0.002. Cardiovascular mortality shows lifestyle OBS HRs of 0.91, 0.82, 0.89 and dietary OBS HRs of 0.95, 0.96, 0.97 with respective p-values.]



3.4 Subgroup analysis

In patients with T2DM, those with high OBS consistently demonstrate lower risks of ACM and CVM across different subgroups based on age, sex, BMI, smoking, and hypertension, as shown in Tables 5, 6. The interaction showed that the presence of hypertensive disorders influenced the negative association between OBS and CVM.

Table 5 | Subgroup analysis between OBS and ACM in T2DM population.


[image: A table displaying hazard ratios (HR) with 95% confidence intervals, P values, and P values for interaction across different variables: age (≥60, <60), sex (male, female), body mass index (BMI <30, ≥30), smoking status (former, now, never), and hypertension (yes, no).]
aTable 6 | Subgroup analysis between OBS and CVM in the T2DM population.


[image: Table showing hazard ratios (HR) with 95% confidence intervals (CI) and P values for various factors. Age ≥60 years has HR 0.97, P 0.005. Age <60 has HR 0.96, P 0.044. Male sex has HR 0.96, P 0.001. Female HR is 0.97, P 0.062. BMI <30 HR is 0.98, P 0.101. BMI ≥30 HR is 0.96, P 0.002. Former smokers HR is 0.96, P 0.019. Current smokers HR is 0.93, P <0.001. Non-smokers HR is 0.99, P 0.325. Hypertension with HR 0.98, P 0.058. No hypertension HR is 0.93, P <0.001. P for interaction is also listed.]




4 Discussion

In this large-scale retrospective study, we identified a significant negative correlation between OBS and both ACM and CVM among T2DM patients, even after adjusting for confounding factors such as age, sex, BMI, smoking, and hypertension. Our findings suggest that higher OBS is associated with a reduced risk of ACM and CVM. These results underscore the importance of promoting health-conscious behaviors, particularly in dietary and lifestyle OBS adjustment, among individuals with T2DM, potentially decreasing ACM and CVM.

The two main features of T2DM are insulin resistance in target tissues and a relative deficiency in insulin production by pancreatic β-cells, and the production of reactive oxygen species (ROS) is closely related to insulin resistance (23). The ROS production and the antioxidant defense system imbalance lead to oxidative stress (OS). The antioxidant defense system can also reduce ROS accumulation, alleviating oxidative stress (24). The interplay between pro-oxidant and antioxidant factors determines an individual’s oxidative balance. Van Hoydonck et al. first introduced the concept of the OBS, which comprehensively assesses this state by considering dietary intake of vitamin C, beta-carotene, and iron (25).

OBS is now widely used in epidemiological research to assess the association between OS and the risk of chronic diseases (26). Studies have found that OBS is variably associated with reduced risks of T2DM, cardiovascular diseases, chronic kidney disease, periodontitis, sleep disorders, colorectal adenomas, and colorectal cancer (8, 9, 13, 14, 27–29). OBS is also helpful in predicting clinical outcomes and is significantly negatively correlated with all-cause, cardiovascular, and cancer mortality (16, 26). Moreover, current research indicates that OBS can serve as a valuable predictor of prognosis. Early identification of high-risk T2DM patients is crucial for improving prognosis. Existing studies suggest a U-shaped association between the triglyceride-glucose (TyG) index and all-cause as well as CVM in US individuals with diabetes or prediabetes (30). Another study indicates that the TyG-BMI index in US elderly diabetic patients is U-shapedly associated with ACM and linearly associated with CVM (31). Physiologically, OBS may influence health outcomes by modulating the state of OS in the body. OS is thought to be one of the key factors in the development of diabetes and its complications because it can damage cellular components, including lipids, proteins, and nucleic acids (32).

Kwon et al. conducted a study involving 7,369 participants aged 40-69 years enrolled in the Korean Genome and Epidemiology Study (33). They found that during a mean follow-up period of 13.6 years, 908 men and 880 women developed T2DM. The conclusion drawn was that individual with high OBS had a lower risk of developing T2DM. Previous studies have suggested the potential role of OBS in the risk of ACM and CVM. Rodriguez et al. conducted a prospective investigation of participants in the Seguimiento Universidad de Navarra Study and found a negative correlation between OBS, ACM and CVM (16). However, this study only focused on university graduates aged 20 and above. The study by Hoydonck et al. targeted male smokers; Kong et al. focused on individuals at high risk of cardiovascular disease; and Mao et al. conducted a similar study among older women in Iowa (25, 34, 35). However, these studies did not consider the relationship between OS and T2DM, nor did they account for the impact of OBS on this specific population. Utilizing the NHANES database, our study benefits from a large amount of observational data and long-term follow-up, taking full advantage of its inclusion of diverse racial backgrounds, educational levels, etc., thus contributing to the current body of research evidence.

In our results, the increase in PIR and education level from Q1 to Q4 in participants is consistent with previous studies, where individuals who are better off or have a higher level of education are more likely to adopt health-conscious behaviors, including a higher intake of antioxidants, which can help to improve their oxidative homeostasis and thus reduce the risk of ACM and CVM (36, 37). In addition, the interaction showed that the presence or absence of comorbid hypertensive disease in patients with T2DM affected the negative association between OBS and CVD. Previous studies have identified that hypertensive disease increases the body’s OS, inflammatory response, and vasoconstriction, and leads to structural changes in the heart and blood vessels and that these changes lead to an increased risk of cardiovascular mortality in patients with T2DM, thereby interfering with OBS (38, 39).

Our study possesses several strengths. Firstly, utilizing the nationally representative NHANES population constitutes the primary and most significant advantage. Secondly, subgroup analysis enhances the robustness of the observed relationship between OBS, ACM, and CVM in T2DM patients, underscoring the reliability of the findings regardless of other cardiovascular risk factors such as age, sex, BMI, smoking, and hypertension. Furthermore, we conducted independent investigations into the influence of lifestyle OBS and dietary OBS on the association between ACM and CVM in T2DM patients.

Our study also exhibits several limitations. Firstly, OBS was only measured at baseline, thereby precluding consideration of potential changes or fluctuations in OBS over time. Consequently, our analysis cannot address longitudinal variations in OBS. To overcome the limitation of measuring OBS only at baseline, future studies may consider prospective cohort studies in which OBS is measured at regular intervals to assess its changes over time and its long-term impact on health outcomes. Secondly, our findings cannot establish causal relationships due to the inherent nature of observational study designs. Moreover, given the intricate interplay of factors influencing the association between T2DM and all-cause and CVM, we endeavored to incorporate numerous covariates, encompassing age, sex, race, PIR, marital status, education level, smoking status, and hypertension. Nevertheless, despite adjusting for these variables, residual confounding factors may persist. Finally, this is a population-based study conducted among T2DM patients in the US. Although it includes 1,198 Mexican Americans, 1,522 Non-Hispanic Black individuals, 2,452 Non-Hispanic White individuals, 526 Other Hispanic individuals, and 421 individuals of other races, our study results may not be generalizable to other populations.




5 Conclusion

For the first time, we revealed an association between OBS, ACM, and CVM among patients with T2DM. We demonstrated that there was a linear association between OBS, ACM, and CVM.
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Objective

This study explored the utility of NLR (neutrophil-to-lymphocyte ratio) as a marker to predict Lower Extremity Peripheral Artery Disease (PAD) in the Chinese population, as well as to assess its consistency and diagnostic value with digital subtraction angiography.





Methods

Patients were distributed into three groups according to the angiography in lower limb arterial: group L1, plaque with no stenosis; group L2, plaque with luminal stenosis and group L3, total vascular occlusion. Changes in the neutrophil-to-lymphocyte ratio were documented and compared among groups.





Results

Compared to group L1, NLR was significantly increased in L2 (1.76 vs 2.35, p=0.037) and L3 (1.76 vs 3.60, p<0.001), with a gradual decrease in ABI (Ankle-Brachial Index, 1.11 vs 1.02 vs 0.94, p<0.001). Those older patients with higher prevalence of hypertension (p=0.002), obesity (p=0.032), or reduced high-density lipoprotein cholesterol (p=0.020) were more likely to develop PAD; higher glycosylated hemoglobin (p=0.045), low-density lipoprotein cholesterol (p=0.006), and systolic blood pressure (p<0.001) levels led to a greater tendency to suffer stenosis or even occlusion; the probability of severe stenosis (>70%) increased to 2.075 times for every 1 increase in NLR, while it was 46.8% for every 0.1 increase in ABI. The optimal NLR cut-off value to predict severe stenosis in PAD was 2.73. Receiver operating characteristic curve analysis of the inflammatory biomarkers and severe stenosis prediction displayed an area under the curve of 0.81.





Conclusion

NLR could serve as a new noninvasive and accurate marker in predicting PAD.





Keywords: type 2 diabetes mellitus, lower extremity peripheral artery disease, neutrophil-to-lymphocyte ratio, angiography, stenosis




1 Introduction

Diabetes mellitus (DM) is a disease characterized by the poor control of blood glucose, the prevalence is predicted to be 12.2% by 2045 (1). Patients with DM are at high risk for various cardiovascular diseases (CVD), e.g., coronary artery disease (CAD), stroke, and peripheral artery disease (PAD), which are the leading causes of DM-related mortality and morbidity. PAD is characterized by atherosclerotic stenosis or obstruction of the limb arteries, it can occur in the upper limbs, but more often in the lower limbs (2). From the epidemiological perspective, PAD occurs in patients with DM at a two- to four-fold higher incidence than in whom without DM (3), and the disease progression is more severe in the diabetic population (4). PAD affects 20–28% of the diabetic population, and up to 50% of patients with diabetic foot disease (DFD) (2). In China, the occurrence of peripheral artery disease in type 2 diabetic cases is reported to be 55.3-65% in different studies (5, 6). As claimed by the China DIA-LEAD epidemiological investigations, the currency of type 2 diabetes mellitus combined with lower extremity PAD was 21.2% in patients over 50 years old (7). What is more, PAD can result in a threat to the quality of life and survival period in diabetic individuals (8–10). In the United States, 4.6% of diabetic patients develop lower extremity chronic ulcers (at least 6 weeks) or amputations below the knee (of at least one toe) (11). So, early PAD diagnosis in diabetic patients is particularly important for preventing complications, such as ulcers or gangrene, and for reducing major adverse limb events, adverse cardiovascular events, and mortality. However, PAD diagnosis in diabetic patients is often made difficult by the characteristics of the diseases. Characteristic PAD symptoms are frequently absent in diabetic patients. Often, patients do not report claudication due to a lack of physical activity, and do not refer pain due to concomitant neuropathy (12). This implies that PAD diagnosis is made already at the most advanced stages of the disease, often when patients already present DFD. Currently, diagnosis of lower extremity arterial stenosis is dependent on lower extremity arteriography (Digital Subtraction Angiography, DSA) as an assessment (13), its great advantage is that it is diagnostic and can be interventional at the same time (14). However, due to its high technical difficulty, invasiveness, high cost, and possible postoperative complications such as hematoma, bruising, and even contrast nephropathy, the widespread implementation of DSA has been limited; meanwhile, the traditional Doppler ultrasound diagnosis, although convenient and economical, is still difficult to accurately screen patients with lower extremity occlusion at an early stage (15), it is operator-dependent particularly in the case of calcification or structures close to bone or gas-filled cavities (16). ABI is currently a valid measurement for the diagnosis of PAD, but it is usually higher than actual in diabetic foot ulcers because of its association with vascular calcification and impaired elasticity (17). Therefore, there is an urgent need for a screening tool that can accurately and early detect diabetic lower limb vascular lesions but is also convenient, cost-effective, and easy to perform widely for early detection and intervention.

Studies have shown that many risk factors such as hyperglycemia, hyperlipidemia, and hypertension can lead to atherosclerosis. From a pathophysiological perspective, various inflammatory cytokines including chemokines, adipokines, adhesion molecules, and cytokines may contribute to the development of peripheral artery disease in the lower limbs in diabetes. In the early stages, oxidative stress accompanied by inflammatory responses occurs after the elevation of blood glucose, massive neutrophil infiltration mediates non-specific inflammatory response (18, 19), causing vascular endothelial damage, followed by a buildup of plaque in the inner arterial wall (20), the accumulation of neutrophil protease further drives plaque instability, even plaque hemorrhage and plaque detachment (21). At the same time, damaged vascular endothelial cells express chemokines and adhesion molecules can recruit lymphocytes to infiltrate the endothelium (22): lymphocytes is an immune system regulation pathway, by reducing the number of CD8+ T lymphocytes to inhibit the anti-inflammatory environment, maintaining low chronic inflammation, long-term inflammation leads to the proliferation of vascular smooth muscle, microangiogenesis, subsequent arterial lesions and plaque formation (23). To make matters worse, decreased neutrophil apoptosis and the increase of lymphocyte apoptosis lead to abnormal cell ratio mediating insulin resistance and insulin secretion dysfunction, accelerating the production of more active oxidants, leading to permeability and dysfunction of vascular endothelial cells, decreased nitric oxide and capillary expansion, eventually reducing microcirculation to peripheral tissues (24), followed by atherosclerotic plaques and varying degrees of stenosis even up to occlusion (25), which we called PAD.

Several studies have shown that PAD is associated with pro-inflammatory cytokines, such as interleukin-6, interleukin-1, and tumor necrosis factor (26, 27). However, the detection of the inflammatory markers mentioned above is not used in common work because of the payments and technical hardships. The blood-routine test is a sensitive and cost-effective detection that can be done easily in the laboratory, the neutrophil-to-lymphocyte ratio (NLR) is currently a novel predictor of inflammation (28), it has been monitored in other diseases such as coronary heart disease (29), tumors (30, 31), thyroid disease (32). Studies have shown that NLR is a risk factor for elevated blood glucose, positively correlates with HbA1c levels in patients with T2DM (33, 34), and is involved in the development of diabetes-related complications including diabetic nephropathy (35) or diabetic retinopathy (36), but the role and function of NLR in diabetes mellitus combined with PAD has not been studied. Based on the description of the changes and roles of neutrophils and lymphocytes in atherosclerosis in the paragraph above, therefore, this study proposed to assess the change of NLR in diabetic PAD and whether or not NLR can serve as a better predictor.




2 Materials and methods



2.1 Study design and participants

Between January 2021 and June 2023, 194 diabetic patients with PAD (age 18-75 years) were enrolled. Inclusion criteria: (1) All patients were diagnosed type 2 diabetes mellitus according to the 2021 American Diabetes Association (ADA) criteria (37); (2) All patients were accompanied by different degrees of distal lower limb ischemia symptoms, manifested as intermittent limp and rest pain, or some patients were asymptomatic, manifested only by low skin temperature of the extremities, and diminished or absent dorsal pedis artery or posterior tibial artery pulsations found during physical examination (The Leriche Fontaine and Rutherford classifications are based on clinical symptomatology, Table 1.); (3) All patients underwent lower extremity arteriography and had varying degrees of vascular plaque or stenosis. Exclusion criteria: (1) ketosis, diabetic nonketotic hyperosmolar coma, acute cardiovascular and cerebrovascular disease, and other states of stress; (2) acute infections in the combined lower limbs or elsewhere; (3) special types of diabetes mellitus; (4) acute or chronic renal insufficiency (eGFR <60ml/min/1.73m2) or coagulation disorders; and (5) hepatitis, cirrhosis, tuberculosis, tumors, or other immune-deficiency diseases, or those who were receiving hormone therapy.

Table 1 | Demographic and laboratory characteristics of the study population.
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The study was a retrospective analysis, data were obtained from patient records file regarding age, sex, duration of diabetes, height, weight, blood pressure, smoking history, Body Mass Index (BMI) =weight/(height squared) (international unit kg/m2) and other necessary information.

This study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki, and the research protocol was priorly approved by the Ethics Committee of Wuhan Central Hospital (Ethical No. WHZXKYL2023-186). Written informed consent was obtained from all the patient to process their personal data for scientific research purpose.




2.2 Laboratory measurements

Blood samples (fasted for more than 8 hours) were drawn from all patients on the day after admission. A routine blood test was measured using mindary BC-6800 (flow cytometric analysis), assessment of NLR dividing the absolute neutrophil count on the absolute lymphocyte count, lipid profile was quantified using Beckman Coulter AU5800 (enzyme electrode method), and HbA1c was measured using D-10 Glycated Hemoglobin Meter (microcolumn method), serum CRP (C-reactive protein) has been determined using turbidimetry (Beckman Coulter, Brea, USA). ABI was evaluated by VBP-9 atherosclerosis detector.




2.3 Digital subtraction angiography

DSA was carried out by Advantx LCV digital subtraction angiography equipment of GE, and the right femoral artery was punctured by using a 5F-6F catheter, which was sent to the bifurcation of the abdominal aorta under fluoroscopy, and the lower limb vascular visualization was observed. Patients were sorted into three groups: group L1, plaque with no stenosis; group L2, plaque with luminal stenosis (L2a: stenosis<70%; L2b: stenosis at 70%-99%) and group L3, total vascular occlusion in lower limb arterial.




2.4 Statistical analysis

Statistical Package for Social Science (SPSS, version 27.0; SPSS, Inc., Chicago, USA) was applied for statistical calculations. The difference among groups was settled with ANOVAs for normally distributed data or Kruskal-Wallis tests for skewed data, chi-square test was used for counting data; Spearman’s test was used to detect the correlation; logistic regression was used to analyze the risk factors for PAD; the optimum cutoff level was analyzed using the receiver operating characteristics (ROC) curve, and the area under the curve (AUC) was calculated. p<0.05 was considered statistically significant.





3 Results



3.1 Demographic and clinical characteristics

Patients were classified into group L1 (N=56, 28.9%), group L2 (N=58, 29.9%) and group L3 (N=80, 41.2%). The demographic statistics and clinical characteristics of the patients are presented in Table 1. No pronounced change was noted among groups regarding sex, smoking, eGFR, TC, and TG. As revealed, the age (58.61 ± 7.38 vs 64.66 ± 8.94 vs 68.33 ± 9.52, p<0.001), disease duration (7.5 vs 10.0 vs 10.0, p=0.01), BMI (22.2 vs 23.2 vs 25.6, p=0.032), and prevalence of hypertension (35.7% vs 65.5% vs 77.5%, p=0.002) were considerably higher in group L2 and group L3 than in group L1, systolic blood pressure was significantly higher in group L3 (127.5 vs 125.0 vs 150.0, p<0.001), but this change was not related to diastolic blood pressure (80.0 vs 77.0 vs 74.0, p=0.601); there was no notable difference in the WBC counts, while the neutrophil counts was higher in group L3 (3.30 vs 3.51 vs 4.30, p=0.012) and the lymphocyte counts was lower compared with group L1 (1.96 vs 1.68 vs 1.38, p=0.012); CRP was significantly higher in the group L3 than in group L1, but there was no significant difference between them and group L2 (1.69 vs 1.97 vs 2.26, p=0.036), HbA1c gradually increased in three groups (8.6 vs 8.9 vs 9.65, p=0.045); in the analysis of lipid profiles, there was a progressive increase in LDL-c (2.31 vs 2.52 vs 2.88, p=0.006) accompanied by a mild HDL decline (1.15 vs 1.11 vs 1.05, p=0.020), and this change was particularly significant in L3. In addition, with increasing stenosis confirmed by angiography, there was a progressive decrease in ABI (1.11 vs 1.02 vs 0.94, p<0.001) accompanied by an increase in NLR (1.76 vs 2.35 vs 3.60, p=0.001). Graphical representations of NLR distribution are shown by box plot in Figure 1.

[image: Box plot comparing neutrophil-to-lymphocyte ratio (NLR) across three conditions: no stenosis, stenosis, and occlusion. NLR increases from no stenosis to occlusion, with highest variability in the occlusion group. Outliers present in stenosis and occlusion.]
Figure 1 | Neutrophil–to–lymphocyte ratio distribution in the study groups. Graphical representations of NLR distribution are shown by box plot. Group L1 (Red), plaque with no stenosis; group L2 (Yellow), plaque with luminal stenosis<99% and group L3 (Blue), total vascular occlusion in lower limb arterial. NLR, the neutrophil-to-lymphocyte ratio. *There was a statistically significant difference in post hoc analysis between the three groups




3.2 Multivariable analysis on risk factors for PAD

The variables with p<0.05 among the above univariate factors (shown in Table 1) were included in the logistic regression model for multivariable analysis, we found that NLR, ABI, age, BMI, systolic blood pressure and LDL-c were independent influences on PAD (p<0.05, Table 2). Remarkably, ABI values were negatively correlated with the severity of PAD stenosis (OR=0.025, p=0.01), whereas all the other factors were facilitators (OR>1); compared with the mild changes in Neutrophil count and Lymphocyte count (p>0.05), the elevation of NLR was more pronounced (OR=2.136, p=0.001). Lastly, the disease duration, HbA1c, CRP and high-density lipoprotein cholesterol did not have any independent effect on the onset of PAD (p>0.05).

Table 2 | The multivariable logistic regression analysis for factors associated with PAD.


[image: Table displaying the results of a logistic regression model with variables such as age, BMI, SBP, LDL-c, NLR, and ABI. Columns show β, SE, OR, 95% CI, Wald, and p-values. Statistically significant p-values are in bold: age 0.004, BMI 0.037, SBP 0.033, LDL-c 0.014, NLR 0.001, and ABI 0.010. ]



3.3 Correlation analysis on NLR and ABI in different groups

Spearman’s correlation analysis showed a negative correlation between ABI and the group, while the relationship between the NLR and group was positive and more relevant (Rho= -0.471, p<0.001; Rho=0.609, p<0.001, respectively. Shown in Table 3).

Table 3 | The Spearman’s relationship between the Group and variables.


[image: Correlation table showing variables: Duration, BMI, SBP, LDL-c, HbA1c, NLR, and ABI. Each variable has a rho and p-value. Significant correlations at the 0.01 level include BMI, SBP, LDL-c, HbA1c, NLR, and ABI, with p-values ranging from less than 0.001 to 0.006.]



3.4 Predictive role of elevated NLR and decreased ABI in severe PAD

Binary logistic regression analysis with the occurrence of severe stenosis (>70%) showed that the probability increased to 2.075 times for every 1 increase in NLR, while 46.8% for every 0.1 increase in the ABI (Table 4, Figure 2). Finally, to assess the NLR prediction performance compared with CRP, we constructed an ROC curve and calculated the AUC, showing that AUC of NLR was better than CRP at predicting severe stenosis(0.81 vs 0.69), meanwhile the NLR optimal cutoff value of 2.73 with a sensitivity of 82.7% and a specificity of 75.6%, whereas the cutoff point of 1.58 was taken to have a sensitivity of 100% and a specificity of 9.8% (Figure 3).

Table 4 | Binary logistic regression analysis of NLR and ABI for predicting severe PAD.


[image: Table showing logistic regression results for severe peripheral arterial disease. NLR has a β of 0.730, a p-value of 0.002, OR of 2.075, and 95% CI from 1.311 to 3.284. ABI*10 has a β of -0.759, a p-value of 0.001, OR of 0.468, and 95% CI from 0.298 to 0.737. Significant p-values are in bold.]
[image: Forest plot showing hazard ratios with 95% confidence intervals for two variables: NLR and ABI*10. NLR has a hazard ratio of 2.075 (1.311-3.284), and ABI*10 has a hazard ratio of 0.468 (0.298-0.737). Red dots indicate point estimates.]
Figure 2 | The forest plot of NLR and ABI in severe PAD. NLR, the neutrophil-to-lymphocyte ratio; ABI, ankle-brachial index.

[image: ROC curve comparing NLR and CRP. The NLR curve has an AUC of 0.81, ranging from 0.72 to 0.90. The CRP curve has an AUC of 0.69, ranging from 0.59 to 0.80. Sensitivity is plotted against 1-Specificity.]
Figure 3 | Receiver operating characteristic curve of NLR and CRP for predicting severe PAD. AUC, area under the curve; cutoff value: the maximum value of the Jordon index also corresponds to the optimal diagnostic threshold of the method.





4 Discussion

Diabetic peripheral vascular disease is one of the most common complications in diabetic patients, which can lead to disability and amputation due to atherosclerotic occlusion of the lower limbs (4, 38), inflammatory factors and inflammatory cells play an important role in this, such as neutrophils and lymphocytes.

NLR is a novel marker of systemic inflammatory response that stably responds to the inflammatory state of the body. NLR intermixes the predicted risk of two leukocyte subtypes into a single factor, which has a stronger predictive value, and can minimize the effects of physiological conditions (dehydration, sample error) compared to changes in absolutes count or lymphocytes alone. Previous studies have indicated that NLR is elevated in patients with coronary arteriopathy, but the differences in absolute neutrophil and lymphocyte counts are not statistically significant, suggesting that NLR has its unique sensitivity in response to arteriopathy (39). In diabetic retinopathy and nephropathy, NLR also has an important role in predicting the severity of complications in patients (35, 36, 40, 41). In addition, NLR can predict the prognosis of heart failure (29, 42), cerebral infarction (43), pancreatitis (44, 45), and other acute and chronic inflammation-related diseases, and it is closely related to the severity of these diseases, which can be used as an evaluation index of clinical effect, thus becoming a point of special interest in recent years.

At present, no study has been found on the correlation between diabetic PAD and NLR, so this paper mainly investigates the relationship between the development of lower limb arteriopathy in diabetes mellitus and the change of NLR, results suggest that: NLR ratio was critically higher in the stenosis or occlusion group compared with the no-stenosis group, it is positively correlated with the degree of stenosis, accompanied by the progressive decline of the ABI, this conclusion is consistent with the findings of a meta-analysis demonstrated that high NLR values increased the risk of coronary artery disease (CAD) 1.62-fold and the risk of stroke 3.86-fold (46), Onofrei V also found that NLR was higher in patients with severe obstruction in PAD without diabetes (47), these studies confirm the important role of NLR in promoting the development of various types of peripheral arterial disease. Patients presenting with arterial stenosis and occlusion showed older age, longer disease duration, bigger body mass index, and higher prevalence of hypertension than those in the group without stenosis, as well as being at high risk for needing early intervention, showed the same trend as characteristics of the population with other vascular diseases (48–50), suggests that these influences may be common risk factors for various cardiovascular diseases. HbA1c was found to be progressively elevated with the aggravation of stenosis, confirming that poor glycemic control was a determinant of the severity of PAD, this finding was consistent with the studies by other researchers (33, 34, 51). In the lipid profile, LDL-c increased significantly in severe PAD while HDL tended to decrease gradually, a finding consistent with previous studies in other vascular diseases (52, 53). Surprisingly, TG and TC were not independent risk factors for the development of PAD, Bertrand C found the similar result, they described the independent associations between HDL-cholesterol, total cholesterol/HDL-cholesterol ratio or non-HDL-cholesterol and the prevalence of major PAD in people with type 2 diabetes, neither TG nor TC (54); more importantly, the fluctuations in TG were greater compared to changes in LDL and HDL therefore the differences between groups were smaller, a similar study by Gillian M Keating was also reported (55); another possible reason cannot be excluded is due to the fact that patients with higher blood glucose have higher use of lipid-regulating drugs (56), some participants were on statin therapy leaving some uncertainty during follow-up that may possibly bias our results. However, Kuo-Cheng Chang found no significant correlation between peripheral neuropathy in type 2 diabetes mellitus and lipid levels and statin usage (57). Lastly, the role of smoking does not seem to be as important as expected, which is not consistent with most other studies (58–60), however, similar findings were reported in the study by Al-Momany A on type 2 diabetic nephropathy and smoking (61), it’s not the only case, O’Donnell TFX (62) found that black patients were younger, less likely to smoke, but more likely to have diabetes, limb-threatening ischemia. As to our study, the specific reason for this may be related to the differences in the distribution of smokers by gender and the fact that some ex-smokers are currently quitting.

In order to accurately screen patients who truly need timely angiography and intervention, and to avoid the waste of medical resources caused by non-essential examination, we set diabetes mellitus combined with “severe stenosis” of the lower extremity vessels (>70%) as the critical intervention point to explore the cutoff value of NLR. Binary Logistic regression analysis showed an important role of imbalance in the ratio between neutrophils and lymphocytes in lower extremity arterial stenosis as a positive predictor. Previous studies have shown that the development of atherosclerotic disease is positively associated with the inflammatory factors CRP and IL-6 (63–65), which revealed the role of traditional biomarkers in risk assessment and highlights the strong association between inflammation and CVD. In our study, we compared the ROC curves of CRP and NLR, found that CRP (AUC: 0.69, 95%CI: 0.59-0.80) was worse than NLR (AUC: 0.81, 95%CI: 0.72-0.90) at predicting severe PAD. Coincidentally, Hoes LLF et al. recently published a study showing that NLR is the inflammatory marker that is more strongly related to CVD risk than CRP in patients with T2D (66), while Huang L also found that the diagnostic value of NLR was better than CRP in patients with the anti-synthetase sydrome (67). The Edinburgh Artery Study compared IL-6 with the major inflammatory marker CRP and found that IL-6 was an earlier predictor of worsening ABI values at 12 years of follow-up (68). In predicting coronary artery disease (69), the mean AUC for IL-6 and CRP were 0.74 (95% CI: 0.57-0.84) and 0.60 (95% CI: 0.44-0.74), respectively. In our study, elevated NLR predicted the onset and severity of PAD, which is consistent with the role of traditional inflammatory factors, what’ more, it can be hypothesized that NLR has a higher predictive power than traditional factors.

By ROC curve analysis, it was found that NLR plays a high predictive role in determining whether the stenosis of PAD is severe or worse, Arbel et al. (70) demonstrated that an NLR value above three is associated with a relative risk of 2.45 regarding the existence of sub-occlusive coronary lesions. In our study, taking the cutoff point of 1.58, it has 100% sensitivity and 9.8% specificity, while the optimal cutoff point of 2.73 appeared to have the maximum Youden index and the highest prediction efficiency. That is to say, if the NLR is less than 1.58, the lower extremity arterial ultrasound examination combined with ABI examination can be firstly used to evaluate the lower extremity vascular condition, there is no need to prefer digital imaging, while if the NLR is more than 2.73, DSA imaging or even interventional treatment is strongly recommended.

Currently, there are studies on NLR in diabetes mellitus combined with other peripheral vascular diseases such as CVD, stroke, NLR in patients with PAD without diabetes mellitus, but there are no studies focusing on the changes in NLR in diabetes mellitus combined with PAD, so this study fills this gap and find a more cost-effective way of screening patients with diabetes mellitus with PAD from a novel perspective. However, this research has some imperfections. Firstly, the research was only carried out in one single center, and the sample size was small. Secondly, due to the retrospective design of the study, many factors could not be involved. Lastly, as neutrophil and lymphocyte numbers may alter over time, it is a changing marker. Hence, further investigations are still required with longer follow-up, while larger samples are need to confirm their effectiveness as probable risk factors for PAD.




5 Conclusion

In our study, we demonstrated the predictive value of the NLR and its importance in the evaluation of patients with severe obstruction of the PAD. Indeed, NLR is derived from blood routine, simple and easy to obtain and perform in patients with suspected PAD, the use of ABI in combination with NLR may help to better identify patients with severe lower extremity arterial stenosis earlier, more conveniently, and noninvasively. This change in NLR makes it possible to become a new indicator for assessing the severity of lower-extremity peripheral arterial disease.

It is hoped that, in the future, there will be greater interest in and further studies on this topic to provide stronger recommendations to clinicians for an earlier diagnosis of the disease.
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Introduction

The aim of this study was to investigate the effects of blood flow-restrictive resistance training (BFR-RT) on improving metabolic abnormalities, blood pressure (BP), obesity, and 10-year atherosclerotic cardiovascular disease (ASCVD) risk in middle-aged patients with type 2 diabetes mellitus (T2DM).





Method

We conducted a parallel-group, single blind randomized controlled trial. Participants who met the inclusion criteria were randomly divided into control group, BFR-RT group and aerobic exercise (AE) group. Control group received health education and follow-up; Two exercise groups received supervised collective training for a period of six months, three times per week. AE group trained at moderate-intensity for 60 minutes each time, while BFR-RT group trained at low-intensity for 40 minutes each time. The primary outcomes were change in 10-year ASCVD risk index and level, and the secondary outcomes included changes in fasting plasma glucose (FPG), glycosylated hemoglobin (HbA1c), blood lipids, BP, and obesity level within and across the three groups at baseline, the third and sixth months of intervention.





Result

Among 93 individuals (control group, n=31; AE, n=30; BFR-RT, n=32) were analyzed. At baseline, there were no significant differences in various indicators among the three groups (p>0.05). After intervention, the 10-year ASCVD risk index and risk level of both exercise groups significantly decreased compared to the control group and baseline (p<0.05), and the risk reduction became more pronounced over time. In the sixth month of intervention, the 10-year ASCVD risk index in the AE group decreased by 27.40%, and that in the BFR-RT group decreased by 26.78%. Meanwhile, apart from lipoprotein (a) and diastolic blood pressure, both exercise groups showed significant improvements in FPG, HbA1c, dyslipidemia, systolic blood pressure, and obesity indicators compared to the control group and baseline (p<0.05). There was no significant difference in various indicators between the two exercise groups (p>0.05).





Conclusion

BFR-RT could reduce the 10-year ASCVD risk in middle-aged T2DM patients for by improving metabolic abnormalities, BP and obesity, and its effect was similar to that of moderate-intensity AE.





Clinical trial registration

https://www.chictr.org.cn/showproj.html?proj=178886, identifier ChiCTR2300074357.
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1 Introduction

Diabetes shortens the life expectancy of middle-aged people by 4~10 years, and 46.6% of diabetes deaths occur under the age of 60 (1). About 75% of patients with type 2 diabetes mellitus (T2DM) eventually die from cardiovascular diseases (CVD), which is largely due to the uncontrolled risk factors of atherosclerotic cardiovascular disease (ASCVD) (2). Therefore, taking effective measures to reduce the risk of ASCVD in middle-aged T2DM patients plays a crucial role in improving their life years and quality of life.

Patients with T2DM often have hyperglycemia, hypertension, dyslipidemia, obesity, and insulin resistance, which are high-risk factors for ASCVD. Changing unhealthy lifestyle habits is the cornerstone for controlling these risk factors, with exercise being one of the most important measures (3). Numerous studies have shown that moderate exercise can improve metabolic abnormalities in patients with diabetes, enhance cardiorespiratory endurance, and reduce the CVD incidence and all-cause mortality (4). Various guidelines (5) recommend that patients with T2DM engage in at least 150-300 minutes of moderate-intensity or 75-150 minutes of high-intensity aerobic exercise (AE) per week, combined with 2-3 days of moderate-intensity resistance training, to achieve optimal benefits in preventing and controlling cardiovascular complications of T2DM. However, engaging in moderate to high intensity exercise may pose certain challenges for T2DM patients. For instance, some acute or intense exercises may increase the risk of CVD events in middle-aged and elderly individuals with a long-term sedentary lifestyle (6). Some patients may also switch to low-intensity exercise due to factors such as pain, insufficient cardiorespiratory endurance, injury, or fear of accidents (7). Although low-intensity exercise can also help diabetic patients control their metabolic abnormality, it requires longer time commitment and may be less effective (8). As middle-aged individuals experience a decline in physical fitness and face multiple pressures from work, family, and financial constraints, they have less time to allocate for exercise. However, attempting to meet the recommended exercise intensity by increasing the volume of each session and reducing the frequency may increase the risk of exercise-related injuries and CVD events during exercise (9). Therefore, there is an urgent need for a low-time-consuming and effective low-intensity exercise to motivate middle-aged T2DM patients and guide them to gradually adapt to and maintain exercise.

In recent years, blood flow-restrictive resistance training (BFR-RT) has been widely used in the rehabilitation of the elderly, osteoarthritis, and CVD. This low-intensity exercise has attracted attention because it can simulate the muscle mass increase effects of moderate to high-intensity resistance exercise (10). During BFR-RT, an air band is used to apply a certain amount of pressure on the proximal end of the exercising limb, and the limb undergoes resistance training at loads as low as 20% to 40% of an individual’s one-repetition maximum (1-RM, which is the maximum resistance value that can be achieved within the full range of motion of all joints under correct posture and certain rules) under the condition of incomplete occlusion of local blood vessels. The restricted blood flow puts muscle cells in a state of hypoxic stress, leading to the accumulation of metabolic products during exercise, inducing skeletal muscle cell hypertrophy, and improving skeletal muscle strength. With the increase in muscle mass and strength, the body’s basal metabolic rate and glucose demand also increase, which helps maintain the stability of glucose and lipid metabolism and reduces the occurrence of insulin resistance. Su et al. (11) conducted a 12-week BFR-RT on 26 male obese college students, and the results showed that BFR-RT training can effectively improve the body composition of obese college students, increase muscle mass, strength, and endurance, regulate glucose homeostasis, activate neural regulation, and enhance cardiac autonomic regulation. Compared with traditional high-intensity exercise, BFR-RT can benefit the elderly and frail due to its lower cardiovascular and joint pressure. Low-intensity (20% 1-RM) BFR-RT did not induce changes in hemostasis and inflammatory response in patients with stable coronary artery disease and is considered relatively safe (12). Zhuang et al. (13) used lower load resistance exercise (20%–30% 1-RM) combined with 50% of the individual a total limb occlusion pressure (LOP) to restrict blood flow for a 3-month BFR-RT intervention in obese elderly community residents. The experimental results showed that BFR-RT is not only safe for the obese older adults but also helps them increase muscle mass and strength, improve metabolic abnormality, and reduce the risk of sarcopenia and CVD. Therefore, BFR-RT has the potential to become a new exercise intervention measure for controlling cardiovascular complications in diabetes.

However, due to some concerns and controversies, currently few researchers apply BFR-RT to patients with diabetes. Nascimento et al. (14) believe that BFR-RT should be used with caution in diabetic patients, as it may cause sympathetic nerve excitation, increased blood pressure (BP), abnormal cardiovascular responses, and increase the risk of cardiovascular-related adverse events. Lorenz et al. (15) pointed out that these risks are controllable. After adequate medical screening, exercisers wear inflatable cuffs properly, set appropriate inflation pressure and compression time, and the risks generated by BFR-RT are not significantly different from traditional exercise.

Given that most current studies are focused on healthy populations or non-diabetes patients, and the duration of the studies is relatively short, it is still uncertain whether BFR-RT can have a protective effect on the cardiovascular health of middle-aged T2DM patients. Therefore, this study intends to conduct a 6-month exercise intervention on middle-aged T2DM patients to observe whether low-intensity BFR-RT can simulate the effect of moderate-intensity AE in reducing the risk of ASCVD in T2DM patients, aiming to provide new ideas and reference for enriching the diversity of exercise prescription choices for diabetes, and help patients better prevent cardiovascular complications of diabetes.




2 Materials and methods



2.1 Study design and participants

This study is a single-blind, randomized controlled, parallel trial. After obtaining medical permission from a specialist, all participants were divided into three groups: control group, AE and BFR-RT. They were assigned to a 6-month (24 weeks) exercise programme with three days per week. All participants were evaluated at three time points: before intervention (baseline), the third and sixth months of intervention.

The study period lasted from March 2023 to December 2023. Participants were recruited from the Second Affiliated Hospital of Shaoyang University and the Hongqi Road Community Health Service Center in Shaoyang City through doctor referrals, lectures, and advertisements. The main inclusion criteria were: meeting the WHO diagnostic criteria for T2DM (16), with glycosylated hemoglobin (HbA1c) levels between 6.5% and 11.0%, aged between 40 and 65 years, having a sedentary habit, stable medical conditions and medication use for the three months prior to enrollment, not wearing an insulin pump, clear consciousness, normal comprehension and communication abilities, voluntary participation in the study and signing of an informed consent form. Exclusion criteria included: patients with CVD, such as coronary heart disease (including angina pectoris and myocardial infarction) and stroke; Patients taking weight loss and antipsychotic drugs; Patients has any serious medical condition that would contraindicate for long-term physical activity or unable to complete the exercise programme as required.

To ensure patient safety and the smooth progress of long-term exercise plans, professional exercise rehabilitation specialists assess participants’ exercise risks through the Physical Activity Readiness Questionnaire. Those who pass the test proceed to a 20-minute incremental power cycling test. Researchers record the heart rate, BP, and rating of perceived exertion values of the subjects at the end of each stage during the incremental load test, and analyze data such as metabolic equivalent, reserve oxygen uptake, and heart rate reserve functions to develop personalized exercise plans for the subjects (17). This study has been approved by the Ethics Committee of the Second Affiliated Hospital of Shaoyang University (Ethics No.: 2023-KT037) and has been registered with the China Clinical Trial Registration Center (Registration No.: ChiCTR2300074357). All participants have provided written informed consent, and participants have the right to withdraw from the study at any time for any reason without any consequences. Personal privacy and datasets will be kept confidential.




2.2 Randomization and blinding

This study is a single-blind randomized controlled trial. The chief researcher assigns participants a unique code in the order of inclusion to conceal their identity information. Then, a statistician who was not involved in the study stratified the participants based on gender and age in the baseline data, and assigned participants to the control group, AE, and BFR-RT in a 1:1:1 ratio using a computer-generated random sequence to ensure even distribution of participants in each group. The three groups of participants received interventions and assessments in separate locations, with independent researchers responsible for the intervention or follow-up of each group. Data statisticians and all assessment staff were blinded to participant randomization assignment.




2.3 Sample size

Higher fasting plasma glucose (FPG) levels are associated with a gradually increasing the risk of ASCVD (18). Therefore, in the pilot study, we tested the mean and standard deviation (mean ± SD) of FPG after intervention: control group, 8.56 ± 1.17; AE, 7.57 ± 1.09; BFR-RT, 7.72 ± 1.14. The sample size was estimated using PASS 15.0 software, and one-way analysis of variance (ANOVA) was used with Alpha = 0.05 and Power = 0.90. To test whether there were significant differences between the three groups in the final data analysis, the total sample size was at least 90, with an average of at least 30 participants per group. Considering a possible 20% attrition rate, 36 participants per group or a total of 108 participants were required.




2.4 Intervention measures



2.4.1 Diabetes education

Three groups of participants received the same diabetes health education programme at different times and in different classrooms, taught by the same diabetes specialist nurse. The health education course was 13 hours in total, including 4 hours of offline face-to-face teaching before intervention, and 1.5 hours of online and offline blended teaching once a month during the intervention period. The content was formulated based on the diabetes prevention and control guidelines (19), with the main aim of improving patients’ understanding of diabetes and its complications, exercise, diet, medication, monitoring, and mental health. At the end of each learning session, participants were required to complete relevant knowledge tests to assess their mastery of the knowledge. After class, relevant diabetes health education materials were distributed to participants through WeChat, and questions were answered to ensure they had grasped the relevant knowledge.




2.4.2 Control group

During the study, participants in the control group were encouraged to change their unhealthy lifestyles and cultivate healthy eating and exercise habits based on the content of health education, but we did not provide them with detailed exercise programme and supervised exercise interventions. After obtaining the patients’ consent, researchers recorded their daily exercise, physical energy consumption, and calorie intake through mobile health management software on smartphones. Before the intervention, at the third and sixth months of the intervention, the researchers conducted face-to-face interviews and physical examinations with the participants, mainly to understand their diet, exercise, and changes in their condition, and to provide them with necessary medical assistance and advice.




2.4.3 Exercise intervention

The exercise intervention was implemented in different sports fields. Two weeks before the formal intervention began, participants in the two exercise groups underwent adaptive training. During this period, they were required to fully understand the exercise intervention process and gradually adapt to the exercise intensity. In addition, they also learned how to use the Borg ratings of perceived exertion scale (rating on 6–20), exercise equipment, sports equipment, and possible accident response methods. After conducting a survey on exercise motivation, the researcher arranged the exercise time from 7:30 to 8:30 in the evening. Participants arrived at the corresponding sports field half an hour earlier to receive monitoring of blood glucose, BP, and heart rate. Theirs food intake was enquired by researchers. The training equipment was worn properly by participants. Each sports field had professionally trained coaches and researchers who took turns leading participants in exercise training. During the exercise, participants were required to wear exercise bracelets to monitor heart rate to ensure that participants achieved the target exercise intensity and safety. The training period was six months, three times per week, with an interval of 1-2 days. If participants missed an exercise scheduled, they would make up for it at another time in the same week. There were 15 training sessions per month, and participants were required to have an overall attendance rate of at least 11 times (>70%). If the total attendance rate was still less than 7 times (<50%) after encouragement and communication from the researcher, they were excluded from the final analysis (20).



2.4.3.1 AE group

Participants began their warm-up with low-intensity AE (30% to 39% of heart rate reserve), mainly consisting of simple rhythmic exercises that activated the large joints and muscle groups of the entire body. After the participants adapted, the intensity was increased to moderate (40% to 59% of heart rate reserve) by increasing the speed and frequency of the movements. At this point, the exercisers felt slight sweating and were able to communicate verbally, with an rating of perceived exertion score of 12 to 14 being appropriate (8). Each participant adjusted their movements based on the heart rate displayed in the fitness tracker and their personal physical tolerance to achieve their training goals. The process of each exercise was: 5~10 minutes of warm-up → 45~50 minutes of moderate-intensity AE → 5 minutes of stretching and relaxation, with a total exercise duration of 60 minutes.




2.4.3.2 BFR-RT group

The BFR-RT exercise programme consisted of low-intensity resistance training and limb blood flow restriction. Participants were required to perform resistance training at 20-40% of 1-RM. The researchers estimated the 1-RM values of the upper and lower body muscle strength of individuals through push-ups and leg push tests. After the subjects were familiar with the process and had done sufficient warm-up, they performed the specified movements with an estimated 50% to 70% of individual’s maximum strength as the initial weight, and then gradually increased the resistance until the subjects could not complete the repeated movements. The last successful lift of the weight was the 1-RM value. All repetitive movements should maintain the same speed and range of motion, with a 3-5 minutes interval between each session. The 1-RM value should be obtained within 4 sessions. The subjects were informed of the weight to be used during exercise. The resistance equipment mainly included barbells, elastic ropes, dumbbells, kettlebells, and other small equipment. The movements mainly exercised the large muscle groups of the upper limbs (shoulder press and pull-down, elbow flexion and extension), lower limbs (squat and half squat, leg press), and core (deadlift, hip bridge, plank, crunch). In addition, the researchers selected the KAATSU Air Bands (Product type: C3, USA) suitable for the subject’s limb size and securely tied it to the proximal end of their limb, with a tightness that could accommodate one to two fingers. While gradually inflating the Air Band, the researchers used a laser Doppler flowmeter quantitative analyzer (SONIMAGE, product model: HS1, China) to test the minimum pressure required to block the blood flow in the limb arteries, which is the total limb occlusion pressure (LOP).

Before starting the BFR-RT, the subjects were required to use the KAATSU to restrict the blood flow in both upper limbs or lower limbs (based on the main exercise muscle group) with 40-50% LOP, while completing four sets of resistance training at 20-40% 1-RM. The exercise volume was 30 repetitions for the first set and 15 repetitions for the second to fourth sets, with a 30-second rest between sets. During this session, the Air Band continued to pressurize and restrict blood flow for 6.5 minutes, then completely deflated to allow blood flow reperfusion for 2 minutes, repeating three times, with a total exercise duration of 30 minutes. The exercisers warmed up for 5 minutes before exercise and stretched for 5 minutes after exercise, with a total exercise duration of 40 minutes. (See Figure 1 for details).

[image: Exercise protocol diagram showing a 40-minute routine. Warm-up for five minutes. Perform blood flow restriction resistance training for four sets with 40-50% LOP and 20-40% one-repetition maximum. First set: 30 reps, followed by 30 seconds rest. Second, third, and fourth sets: 15 reps each with 30 seconds rest between. Maintain blood flow restriction for 6.5 minutes. Complete deflation and rest for 30 seconds. Blood flow reperfusion lasts two minutes. Focus on core muscle groups like chest, abdomen, waist, or back. Ends with five minutes of stretching.]
Figure 1 | Blood flow-restrictive resistance training scheme. BFR-RT, blood flow-restrictive resistance training; LOP, limb occlusion pressure; 1-RM, one-repetition maximum.






2.5 Outcome measures

The measurement of the outcomes at baseline (month 0), the third and sixth months of the intervention. The demographic and clinical characteristics of the participants were collected by the researchers using a self-designed structured questionnaire. All questionnaires and scales were distributed and collected on-site. The researchers provided necessary explanations to the subjects’ questions, but avoided guiding choices or using suggestive language. After the questionnaires were collected, their completeness and quality were immediately checked. Questionnaires with problems should be confirmed with the subjects again to ensure that the questionnaires were authentic and effective. Blood samples were sent for testing within 2 hours after collection, and the report forms were collected uniformly the next day. Two researchers who did not participate in the group intervention entered the result data into Excel tables, and after verification, they were encrypted and saved. The original examination report was returned to the subjects, and patient privacy was strictly kept confidential.



2.5.1 Primary outcome

The Primary outcome was the change in 10-year ASCVD risk index and risk level. The China-PAR model (21, 22), which is more suitable for Chinese, was selected to predict the risk of cardiovascular and cerebrovascular diseases (including acute myocardial infarction, coronary heart disease death, and stroke) in participants over the next 10 years. The participants’ sex, age, current residence, waist circumference (WC), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), current BP level, and whether they have the following conditions: taking antihypertensive drugs, suffering from diabetes, currently smoking, and having a family history of cardiovascular and cerebrovascular diseases (referring to parents, brothers, and sisters who have myocardial infarction or stroke) were all entered into the China-PAR model calculation system (https://www.cvdrisk.com.cn/ASCVD/Eval). The system will automatically provide the subjects’ 10-year ASCVD risk value and stratification: low risk (<5%), moderate risk (5% to 9.9%), or high risk (≥10%).




2.5.2 Secondary outcomes

Secondary outcomes included blood glucose, blood lipids, BP, and obesity indicators. Participants were advised to avoid high-fat foods and alcohol the night before the examination. After fasting for 8-12 hours, they were required to collect venous blood at the designated community health service center at 07:00 am the next morning. Blood samples were centrifuged within 2 hours after collection, and the serum was separated by centrifugation at 3000 rpm for 15 minutes and then frozen at -80°C for analysis of the following indicators: ① The HbA1c level was measured using ion exchange resin high performance liquid chromatography on a Variant II HbA1c analyzer (Bio-Rad, product model: 270-2001, USA). ② FPG, TC, HDL-C, low-density lipoprotein cholesterol (LDL-C), and triglyceride (TG), lipoprotein (a), apolipoprotein A1 (ApoA1), and apolipoprotein B (ApoB) were detected using a Hitachi automatic biochemical analyzer (Hitachi, product model: 7600, Japan). Recent studies (23) have found that interventions that simply increase HDL-C and/or reduce LDL-C do not necessarily reduce the risk of ASCVD, as HDL-C does not fully reflect the function of high density lipoprotein (HDL), and LDL-C is only one of the lipid components that cause atherosclerosis. ApoA1 is the main structural protein of HDL, with stable serum levels, which can better reflect the function of HDL (24). non-HDL-C is the sum of other lipoprotein cholesterol except HDL-C, including LDL-C, intermediate density lipoprotein cholesterol, very low density lipoprotein cholesterol, lipoprotein (a), etc., which covers most of the lipid components that cause ASCVD (25). Each particle of these components contains one ApoB molecule, so ApoB provides a precise estimate of the quantity of atherogenic cholesterol (26). The ApoB/ApoA1 ratio is considered a more convincing marker for evaluating the risk of lipoprotein-related ASCVD (27). Therefore, the ApoB/ApoA1 ratio and non-HDL-C = TC- HDL-C were calculated. Meanwhile, Previous researchers measured FPG and fasting insulin to calculate the insulin resistance index (HOMA-IR), but some patients with diabetes inject insulin, so HOMA-IR may not accurately assess insulin resistance in patients with T2DM. Triglyceride-glucose (TyG) is an easily accessible surrogate marker for insulin resistance. An increase in the TyG index is significantly positively correlated with future risk of ASCVD and the development of T2DM, especially in low- and middle-income countries, where these populations may have a higher susceptibility to insulin resistance (28). When the TyG index is greater than 8.84, the risk of CVD death in pre-diabetes or diabetes patients will increase by 1.77 times (29). Therefore, in this study, TyG was calculated to evaluate the changes in insulin resistance in patients with T2DM. TyG index=Ln [fasting TG (mg/dl) × FPG (mg/dl)/2]. Unit conversion: FPG, 1mmol/L of = 18 mg/dl; TG, 1mmol/L = 88.57mg/dl.

After the subjects rested for 15-30 minutes, their BP was measured. The researchers used an electronic BP monitor (Omron, product model: U730, China) to measure the brachial artery blood pressure of the subjects. The subjects were seated with their arms extended, and the cuff was placed on the upper their arm, with a tightness that could accommodate 1~2 fingers. The lower edge of the cuff was about 2 cm above the strongest point of the brachial artery pulsation in the elbow fossa, so that the BP monitor, brachial artery measurement point, and the heart of the subject were on the same horizontal plane. The subjects remained quiet throughout the measurement process, and the measurement results were accurate to 1 mmHg.

When measuring height, weight, and WC, the subjects should be fasting and empty their bladder. Stand upright on the platform of the electronic scale, with legs together and hands naturally hanging at the sides of the body. After recording the height and weight values, a tape was used to measure the subject’s WC. The weight result is accurate to 1kg, and the height and WC are accurate to 1cm. The waist-to-height ratio (WHtR) = WC (cm)/height (cm), with a WHtR > 0.5 indicating abdominal obesity. The body mass index (BMI) = weight/height2 (kg/m2), using BMI as a measurement standard (30) to classify the subject’s body shape into: normal (18 to 23.9 kg/m2), overweight (24 to 27.9 kg/m2), and obese (≥28 kg/m2).




2.5.3 Quality control

To reduce the dropout rate of participants, our research group provides regular free physical examinations and professional medical consultations. In collaboration with charitable organizations, we have organized various diabetes-themed activities, including outdoor excursions, knowledge quizzes, and performance reports, with certain rewards given to participants. All researchers have undergone systematic safety training and are familiar with emergency plans for common adverse events during exercise. The adverse events defined in this study refer to unexpected adverse medical events that occur during the participation of subjects in exercise training or research, related to the intensity, frequency, and duration of exercise. Events that lead to serious injury, disability, or loss of function, and even life-threatening events, are defined as serious adverse events. During exercise training or activities, researchers closely monitor the physical condition and reactions of participants, taking necessary preventive and treatment measures in a timely manner to reduce the occurrence of adverse events and minimize their potential harm. At the same time, for adverse events that have already occurred, participants should be required to immediately suspend or terminate the experiment, seek timely medical treatment, and report to the chief researcher to further understand the cause of the event, so as to make necessary compensation and improvements. When rainy or snowy weather is not suitable for outdoor training, we guided participants to practice at home through online live streaming, video release, and other methods.





2.6 Statistical analysis

Statistical analysis of the data was performed using SPSS 23.0 (SPSS Inc., Chicago, IL, USA). When analyzing the baseline data of the three groups, ANOVA or Kruskal-Wallis test was used for the comparison of measurement data, and the chi-square test was used for the comparison of count data. If more than 20% of the cells have an expected count less than 5, the result of Fisher’s exact test is used. The independent sample t-test was used to compare the attendance rates of the two exercise groups. Two-way repeated measures analysis of variance was used to compare whether there were statistical differences in the dependent variables of the three groups at the three time points. When the results of repeated measures analysis of variance do not meet Mauchly’s test of sphericity, the test result is based on Greenhouse-Geisser. The Bonferroni test was used for multiple comparison of means after the event. The mean difference (95% IC) was used to indicate the mean difference within the group from the third months (T3) or sixth months (T6) of intervention to the baseline (T0). The effect size of repeated measures analysis of variance is represented by partial Eta squared (η2P: small ≥ 0.01, medium ≥ 0.06, large ≥ 0.14). The effect size of the mean difference between groups is represented by Cohen’s d (d: small ≥ 0.2, medium ≥ 0.5, large ≥ 0.8). The level of statistical significance is defined as 0.05.





3 Results



3.1 Participant registration, allocation, and drop-out rate

Figure 2 shows that among the 373 patients of T2DM who initially participated in the screening, a total of 128 patients entered the random allocation. During the study, 35 participants were excluded due to loss of contact, unwillingness to continue participating in physical examinations or exercise interventions, failure to meet requirements, relocation, and diseases. In the end, a total of 93 participants completed the 6-month intervention or follow-up. The control group had 31 participants (drop-out rate of 26.19%), AE group had 30 participants (drop-out rate of 30.23%), and BFR-RT group had 32 participants (drop-out rate of 25.58%) whose data entered the final analysis.

[image: Flowchart detailing a study's participant allocation and analysis. Initially, 373 participants were recruited, with 245 excluded for various reasons. The remaining 128 were randomly assigned to three groups: Control (42), AE (43), and BFR-RT (43). After six months, exclusions due to non-participation and other factors led to final analyses of 31 in the Control group, 30 in the AE group, and 32 in the BFR-RT group.]
Figure 2 | Flow chart of participant enrollment, allocation, and analysis.




3.2 Participant demographics and clinical characteristics

Table 1 shows the demographic and clinical characteristics of the three groups of participants at baseline. There were no significant differences in baseline comparisons between the three groups (p > 0.05). The mean age of the 93 participants was 57.33 ± 5.81, with 43 males (46.2%) and 50 females (53.8%). 72 participants (77.42%) had abdominal obesity, 67 participants (72.04%) were overweight, and 16 participants (17.20%) were obese. All participants were from urban (74, 79.6%) or rural (19, 20.4%) areas of Daxiang District, Shaoyang City, Hunan Province (located in southern China). They had been diagnosed with T2DM for at least 2 years, and there were no changes in medication method, medication type, or smoking habits during the intervention period. However, a small number of participants adjusted the dose of their hypoglycemic drugs due to changes in their condition, with 2 participants in the control group increasing the dose, 2 participants in the AE group decreasing the dose, and 3 participants in the BFR-RT group decreasing the dose. The difference in medication dose adjustments between the three groups was not significant (χ²=5.373, p=0.202). The attendance rate in the AE group was (82.22 ± 2.47)% and the BFR-RT group was (81.96 ± 2.43)%. There was no significant difference in attendance rates between the two exercise groups (t=0.416, p=0.679).

Table 1 | Baseline demographic and clinical characteristics for the three groups (mean ± SD/n, %).


[image: Table comparing characteristics of a control group, aerobic exercise (AE) group, and blood flow-restrictive resistance training (BFR-RT) group. It includes age, height, ASCVD risk, sex, residence, blood pressure medication, smoking, cardiovascular disease history, diabetes course and medication, dyslipidemia medication, blood pressure, diabetes indicators, blood lipids, and obesity indicators. Each characteristic lists values for the control, AE, and BFR-RT groups, with associated statistical measures (F/χ² and p-values). The table provides comparative health data across the three groups.]



3.3 Results of repeated analysis of variance

Tables 2–6 report the results of repeated measures analysis of variance for 10-year ASCVD risk index, glucose, lipids, BP, and anthropometric indicators used to evaluate the three groups. The Shapiro-Wilk test showed that all dependent variables were basically normally distributed (p > 0.05). The Mauchly’s test of sphericity results showed that HbA1c, TG, LDL-C, HDL-C, ApoB, TyG and systolic blood pressure (SBP) conformed to the sphericity test hypothesis (p > 0.05), while the remaining dependent variables did not conform to the sphericity test hypothesis (p < 0.05). The Levene test indicated that the variance of each dependent variable was homogeneous (p > 0.05). Among all the results of repeated measures analysis of variance, except for the main effect of group on lipoprotein (a) and diastolic blood pressure (DBP) (p > 0.05), all other dependent variables were significantly affected by the interaction effect of (group × time), the main effects of group and time (p < 0.05).

Table 2 | Effects of interventions on 10 years ASCVD risk index among the three groups (mean ± SD or mean difference [95% CI]).


[image: Table comparing atherosclerotic cardiovascular disease (ASCVD) risk index percentages among three groups: Control, Aerobic Exercise (AE), and Blood Flow-Restrictive Resistance Training (BFR-RT) at different times (T0, T3, T6). Includes Cohen's d for group comparisons, with repeated measurement analysis of variance (ANOVA) results showing significant group and time interactions. Statistical symbols indicate significance levels.]
Table 3 | Effects of interventions on FPG and HbA1c among the three groups (mean ± SD or mean difference [95% CI]).


[image: Table comparing fasting plasma glucose (FPG) and glycosylated hemoglobin (HbA1c) levels across control, AE, and BFR-RT groups at baseline (T0), third month (T3), and sixth month (T6). Results include means, standard deviations, Cohen's d, and repeated measures ANOVA with significance markers. Significant differences are indicated by asterisks and notes on eta-squared (`η²p`).]
Table 4 | Effects of interventions on blood lipid profile among the three groups (mean ± SD or mean difference [95% CI]).


[image: A table presents various cholesterol and lipoprotein measurements across three groups: Control, Aerobic Exercise (AE), and Blood Flow-Restrictive Resistance Training (BFR-RT) at baseline (T0), third month (T3), and sixth month (T6). It includes Total Cholesterol, Triglycerides, Low Density Lipoprotein, High Density Lipoprotein, Non-High Density Lipoprotein, Lipoprotein (a), ApolipoproteinA1, and ApolipoproteinB. Cohen's d values and repeated measurement analysis of variance are shown for each. Significant differences at p < 0.05 and p < 0.001 are indicated.]
Table 5 | Effects of interventions on blood pressure values among the three groups (mean ± SD or mean difference [95% CI]).


[image: Table showing systolic and diastolic blood pressure (SBP and DBP) measurements over time for three groups: Control, Aerobic Exercise (AE), and Blood Flow-Restrictive Resistance Training (BFR-RT). It includes baseline (T0), third month (T3), and sixth month (T6) data. Cohen's d values and repeated measurement analysis (Group × Time Interaction, Time, and Group) are detailed, indicating significance at different levels. Measurements reveal changes over time with statistical significance denoted by symbols.]
Table 6 | Effects of interventions on WHtR, BMI and TyG among the three groups (mean ± SD or mean difference [95% CI]).


[image: A table displays data for three health indices: Waist-to-height ratio (WHtR), Body mass index (BMI), and Triglyceride-glucose index (TyG) across three groups: Control, AE, and BFR-RT. It includes three time points, T0 (baseline), T3 (third month), and T6 (sixth month). Columns show group sizes, means with standard deviations, Cohen's d for comparisons, and results from repeated measurement analysis of variance, including F values, p-values, and partial eta-squared. Significant differences at p < 0.05 and p < 0.01 are noted with symbols.]



3.4 10-year ASCVD risk

Figure 3 reports the changes in 10-year ASCVD risk levels among the three groups of participants before and after the intervention. Before the intervention, 68.82% of the participants were at moderate risk, 24.73% were at high risk, and only 6.45% belonged to the low-risk for 10-year ASCVD risk. At baseline, there was no significant difference in the 10-year ASCVD risk levels among the three groups of participants (χχ²=2.197, p=0.713). In the third month of intervention, there was a significant difference in the 10-year ASCVD risk levels among the three groups (χ2 = 12.463, p=0.014), with BFR-RT group showing a significant difference compared to the control group (χ2 = 11.836, p=0.003) and baseline(χ2 = 6.479, p=0.039), and AE group showing no significant difference compared to BFR-RT group and the control group (p>0.05). In the sixth month of the intervention, there was a significant difference in the 10-year ASCVD risk levels among the three groups (χ²=24.086, p<0.001). The 10-year ASCVD risk levels of both exercise groups were significantly lower than those of the control group(p<0.001) and baseline (p<0.05).

[image: Stacked bar chart showing the distribution of low, medium, and high-risk individuals across three groups: Control, AE, and BFR-RT at times T0, T3, and T6. Bars show shifts from medium to low risk over time, particularly in the BFR-RT group. Statistical values indicate significance levels for each time point.]
Figure 3 | Changes in 10-year ASCVD risk levels for three groups. AE, aerobic exercise group; BFR-RT, blood flow-restrictive resistance training group; T0, baseline; T3, at third month; T6, at sixth month; ¶, significant difference compared to baseline, p < 0.05; §, significant difference compared to control group, p < 0.05.

Table 2 shows the changes in 10-year ASCVD risk index for the three groups. At baseline, there was no significant difference in the 10-year ASCVD risk index among the three groups (F=0.100, p=0.905). From the third month of intervention, the 10-year ASCVD risk index for both exercise groups had significantly decreased compared to the baseline and the control group (p<0.05). By the sixth month of intervention, the effects of both exercises groups on reducing the 10-year ASCVD risk in patients with T2DM were more pronounced (p<0.001). The 10-year ASCVD risk index in the AE group decreased, with a mean (95% CI) change of-2.34(-3.05, -1.63), a decrease of 27.40%, while the BFR-RT group decreased by -2.22(-2.91, -1.54), a decrease of 26.78%. However, there was no significant change in the 10-year ASCVD risk index and level for the control group before and after the intervention (p>0.05). There was no significant difference in the 10-year ASCVD risk index and levels between the two exercise groups (p>0.05).




3.5 FPG and HbA1c

Table 3 shows the changes in FPG and HbA1c among the three groups. There were no significant differences in FPG and HbA1c among the three groups at baseline (p > 0.05). Compared with the control group, FPG of the two exercise groups had significantly decreased from the third month of intervention (p < 0.05). HbA1c of the AE group was significantly lower than that of the control group at the third month of intervention (d = -0.712, p = 0.017), while HbA1c of the BFR-RT group was significantly lower than that of the control group at the sixth month of intervention (d = -0.645, p = 0.032). Compared with baseline, the FPG and HbA1c of the two exercise groups had significantly decreased at the third month of intervention (p < 0.05) and maintained until the end of the intervention. At the sixth month of intervention, the decrease in FPG [-0.53 (-0.89, -0.16)] and HbA1c [-0.52 (-0.64, -0.40)] in the AE group was greater than FPG [-0.46 (-0.81, -0.10)] and HbA1c [-0.44 (-0.55, -0.32)] in the BFR-RT group, but there were no significant differences in FPG and HbA1c among the two exercise groups (p > 0.05).




3.6 Lipid profiles

Table 4 shows the changes in the lipid profiles of the three groups of participants. There were no significant differences in the lipid parameters among the three groups at baseline (p > 0.05). Compared with the control group, at the third month of intervention, the TC (d = -0.679, p = 0.013), TG (d = -0.632, p = 0.033), and ApoB (d = -0.812, p = 0.007) in the AE group had significantly decreased, while the ApoA1 (d = 0.858, p = 0.007) in the BFR-RT group had significantly increased, and the LDL-C, non-HDL-C, and ApoB/ApoA1 ratio in both exercise groups had significantly decreased (p < 0.05). At the sixth month of intervention, the TC, TG, LDL-C, HDL-C, non-HDL-C, ApoA1, ApoB, and ApoB/ApoA1 ratio in both exercise groups had significantly improved compared with the control group (p < 0.05). During the intervention period, there were no significant differences in lipoprotein (a) among the three groups (p > 0.05). Compared with baseline, from the third month of intervention, the TC, TG, LDL-C, HDL-C, non-HDL-C, ApoA1, ApoB, and ApoB/ApoA1 ratio in both exercise groups had significantly improved, and these improvements remained significant until the sixth month of intervention. The lipoprotein (a) in the BFR-RT group had significantly decreased compared with baseline at the third month of intervention [-4.59 (-9.13, -0.05), p = 0.046], and in the sixth month of intervention, the lipoprotein (a) in the AE group was significantly lower than baseline. At the sixth month of intervention, the HDL-C, ApoB, and ApoB/ApoA1 ratio in the control group had significantly increased compared with baseline (p < 0.05), while the remaining parameters of lipid in the control group showed no significant differences before and after intervention (p > 0.05). There were no significant differences in the lipid profiles between the two exercise groups (p > 0.05).




3.7 SBP and DBP

Table 5 shows the changes in BP among the three groups of participants. At baseline, there was no significant difference in BP among the three groups (p > 0.05). From the third month of the intervention, the SBP in both exercise groups was significantly lower than that in the control group and at baseline (p < 0.05). Compared with baseline, there was no significant change in BP in the control group (p > 0.05). The results of the repeated measures analysis of variance showed that the interaction effect between group and time (p = 0.126) and the main effect of group (p = 0.588) had no significant effect on the DBP of the three groups, while the main effect of time had a significant effect on DBP (p = 0.005). At the sixth month of intervention, the DBP in the AE group decreased significantly compared with baseline [-2.90(-5.42, -0.38), p = 0.018], and the DBP in the BFR-RT group also decreased, but the difference was not significant compared with baseline [-2.19(-4.63, -0.25), p = 0.094].




3.8 Obesity indicators

Table 6 shows the changes in WHtR, BMI, and TyG among the three groups of participants. At baseline, there were no significant differences in WHtR, BMI, and TyG among the three groups (p > 0.05). Both exercise groups showed significant decreases in WHtR, BMI, and TyG compared with the control group and baseline from the third month of intervention (p < 0.05), and the decrease was even more pronounced at the sixth month of intervention (p < 0.001). The BMI decrease in the AE group [-1.81 (-2.06, -1.55)] was slightly greater than that in the BFR-RT group [-1.46 (-1.70, -1.21)], but there were no significant differences in WHtR, BMI, and TyG between the two exercise groups (p > 0.05). Compared with baseline, the control group showed significant increases in WHtR and BMI from the third month of follow-up (p < 0.05).




3.9 Safety outcomes

Before randomization, the researchers evaluated the physical condition of the participants and provided necessary protection and monitoring during the intervention. Therefore, there were no serious adverse events during the six-month study period. However, five adverse events were reported (control group, n=1; AE, n=2; BFR-RT, n=2). The control group reported that a participant suddenly felt dizzy, palpitations, sweating, and shortness of breath while exercising at home. After resting for a few minutes, the condition improved spontaneously. After consultation, it was mainly due to the patient’s previous lack of exercise habits, insufficient warm-up before exercise, and excessive exercise intensity in a short period of time. The AE group reported that a patient felt hungry at home after exercise but did not eat in time, and then had a hypoglycemic reaction. The blood glucose was measured at 3.8 mmol/L at that time, and the patient was conscious. The symptoms alleviated after immediate eating. One participant in the AE group withdrew from the study due to recurrent joint pain after one month of exercise. The BFR-RT group reported that a patient’s blood glucose was measured at 4.5 mmol/L two hours after dinner before exercise, with no complaints of discomfort. The researchers advised the patient to rest after eating soda crackers, but the patient insisted on participating in the training. After 15 minutes of exercise, the blood glucose was measured at 4.3 mmol/L. To prevent hypoglycemia, the researchers advised the patient to rest and have some bread until the blood glucose was greater than 5.6 mmol/L. The patient reduced the dose of antidiabetic drugs according to medical advice and did not show a tendency towards hypoglycemia during the study period. Another participant in the BFR-RT group had a few subcutaneous bruises on the skin around the air band compression site during the first training, but there was no pain or other discomfort symptoms. After reducing the pressure of the air band to 40% LOP and ensuring that the clothing was smooth, the bruises disappeared.





4 Discussion

This study conducted a six-month supervised exercise intervention for middle-aged patients with T2DM, and the main finding was that BFR-RT could improve the FPG, HbA1c, blood lipids, BP, and obesity indicators of middle-aged patients with T2DM, and reduce the 10-year ASCVD risk index and risk level of patients. (The specific mechanism is shown in Figure 4) The cardiovascular protective effect of BFR-RT on T2DM patients was similar to that of moderate-intensity AE, and no significant increase in exercise risk was found. The application of BFR-RT provides a new choice for exercise intervention in patients with T2DM.

[image: Illustration showing the effects of blood flow restriction resistance training (BFR-RT). A person lifting weights depicts exercise preconditioning. Arrows indicate processes: hormone release, neuromodulation, and metabolic storage leading to muscle hypertrophy and metabolic rate increase. Outcomes include decreased BMI, WHtR, TC, TG, LDL-C, ApoB, non-HDL-C, and insulin resistance, and increased glucose uptake, HDL-C, and ApoA1. Regulation of blood pressure, vascular protection, and endothelial repair are noted, with a reduced 10-year ASCVD risk of T2DM.]
Figure 4 | Possible mechanism of blood flow-restrictive resistance training (BFR-RT) improving the 10-year risk of atherosclerotic disease (ASCVD) in patients with type 2 diabetes (T2DM). During BFR-RT, the intermittent restriction of blood flow in the limbs simulates the process of tissue ischemia/reperfusion, inducing exercise preconditioning. This process prompts the production, activation, and release of certain hormones (such as growth hormone and insulin-like growth factor-1), metabolites (such as lactic acid), cytokines, and free radicals (such as nitric oxide) into the bloodstream within a short period of time. This leads to hypertrophy of muscle tissue and an increase in metabolic rate. The increased muscle fibers enhance the uptake and utilization of glucose and lipids, leading to a decrease in fasting plasma glucose (FPG) and glycosylated hemoglobin (HbA1c) in patients with T2DM. Additionally, by reducing the body mass index (BMI) and waist-to-height ratio (WHtR), it helps control obesity, thereby improving dyslipidemia and reducing insulin resistance in patients with T2DM. Long-term BFR-RT can also regulate blood pressure through neurohumoral pathways, stimulate the release of vascular protective factors, promote the repair and regeneration of vascular endothelium, and reduce the 10-year ASCVD risk in middle-aged T2DM patients. TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; ApoA1, ApolipoproteinA1; ApoB, ApolipoproteinB; TyG, triglyceride-glucose index. The blue arrow indicates the impact of BFR-RT.

The results of this study showed that BFR-RT and AE had similar effects in reducing FPG and HbA1c in patients with T2DM. This is consistent with the findings of Christiansen et al. They (31) conducted a 6-week single-leg BFR-RT on young men, and the results showed that the muscle glucose uptake during exercise in the thighs receiving BFR-RT was higher than before training. This may be because BFR-RT promotes muscle hypertrophy and increases muscle glucose uptake and utilization. BFR-RT can significantly increase the 5’AMP-activated protein kinase (AMPK) in muscle cells through exercise, which enhances the synthesis and expression of glucose transporter 4, accelerating the uptake of glucose and storage of glycogen in muscle cells (32). In addition, during BFR-RT, muscle ischemia activates the sympathetic nervous system, triggering the release of various energy substrates into the bloodstream. This can promote the absorption and oxidation of free fatty acids and glucose by skeletal muscle cells, enhance mitochondrial biosynthesis, and increase muscle glucose oxidation capacity. This in turn enhances the insulin sensitivity of skeletal muscle cells and improves insulin resistance in patients with T2DM (33, 34). It is worth noting that although there was no significant difference in the hypoglycemic effect between the two exercise groups, we observed that the rate and magnitude of HbA1c decline in the BFR-RT group were lower than those in the AE group. We speculate that this may be due to the increased release of multiple hormones after BFR-RT compared to non-BFR-RT (35), including growth hormone, insulin-like growth factor-1, sex hormones, and renin, etc. (36). These hormones may have a certain impact on the regulation of blood glucose, but further research is still needed to confirm this.

This study showed that BFR-RT can help improve dyslipidemia in middle-aged patients with T2DM. This is similar to some previous research results. Sun’s (37) Mata analysis included five studies with a total of 66 participants, and the results showed that BFR-RT can significantly reduce TC, TG, LDL-C, and increase HDL-C in overweight or obese adults. The possible mechanism is that BFR-RT can significantly increase the key protein PGC-1α2 that inhibits cholesterol biosynthesis in vivo, thereby reducing TC and LDL-C levels (38). ApoA1 mediates the reverse cholesterol transport of HDL, which can transport excess cholesterol from arterial wall cells to the liver for recycling or excretion as bile acid. This is the main mechanism of HDL in anti-atherosclerosis (39). However, the long-term high-glucose environment in patients with T2DM changes the secondary structure of ApoA1, resulting in a decrease in the cholesterol efflux ability of HDL (40). Our study showed that BFR-RT can increase the ApoA1 in middle-aged T2DM patients, reduce non-HDL-C, ApoB, and ApoB/ApoA1 ratio, and thus achieve the goal of anti-atherosclerosis. Previous studies have shown that moderate-intensity AE can increase ApoA1 in obese adolescents (41), while in our study, the time of ApoA1 elevation in the BFR-RT group was earlier than that in the AE group, indicating that BFR-RT has certain advantages in improving ApoA1 in middle-aged T2DM patients. The possible reason is that BFR-RT can cause transient ischemia/reperfusion in local tissues, generate superoxide radicals, and cause oxidative stress reactions, resulting in differential expression of ApoA1, which can better resist possible subsequent ischemic injury (42). In addition, we also found that although six months of BFR-RT significantly reduced the level of lipoprotein (a) in patients with T2DM compared to baseline, there was no significant difference compared to the control group. Kadoglou et al. (43) also showed that high-intensity (60-80% 1-RM) resistance exercise for three months had no significant effect on lipoprotein (a). This may be due to the fact that lipoprotein (a) is related to factors such as race and genetics, and exercise and diet may not have a significant impact on it. It is worth noting that although there was no difference between the two types of exercise in this study, the improvement in various components of blood lipids by BFE-RT was greater than that of AE. Previously, there were few studies comparing the effects of AE and BFR-RT on improving the lipid profile in patients with T2DM. At present, it seems that BFR-RT may have more advantages, but more research is needed to demonstrate and explore its specific mechanisms.

Over 80% of the participants in this study were obese to varying degrees, and insulin resistance caused by obesity is an important pathway for the development of ASCVD in patients with T2DM (44). This study showed that from the third month of intervention, the TyG, BMI, and WHtR of the two exercise groups had significantly decreased compared to the control group and baseline, indicating that AE and BFR-RT can effectively reduce the waist circumference and body weight of patients with T2DM, control insulin resistance, and thereby reduce the risk of ASCVD. In addition, we also observed that the decrease in BMI in the BFR-RT group was less than that in the AE group, which may be due to the increase in muscle mass in participants due to BFR-RT. When the body’s muscle content increases, energy consumption at rest also increases, which helps improve lipid metabolism, reduce the accumulation of fat in the liver and muscles, and thus reduce insulin resistance.

The results of this study showed that after the intervention, SBP in both exercise groups decreased significantly, but DBP did not decrease significantly, which may be related to the participants’ baseline DBP being normal, and suggests that both exercises have a good regulatory effect on BP and do not cause abnormal hypotensive reactions. In previous studies, the effect of BFR-RT on the BP has been controversial. Maior et al. (45) showed that young men who performed a single high-intensity (80% 1-RM) resistance exercise and low-intensity (20-40% 1-RM) BFR-RT both significantly reduced SBP and DBP 30 minutes after training compared to baseline, with no significantly difference between the two exercises. Araújo et al. (46) pointed out that BFR-RT is more effective than moderate-intensity (50%1-RM) resistance training in reducing SBP in middle-aged hypertensive patients. However, Scott et al. (47) pointed out that the SBP, DBP and mean arterial pressure of elderly women after BFR-RT were higher than those of high-intensity (70% 1-RM) resistance training. BFR-RT decreases the blood perfusion of exercising muscles, which may activate the ergoreflex (i.e. the metaboreflex and the mechanoreflex), especially in the patients of cardiovascular underlying diseases, leading to excessive sympathetic activity, and resulting in elevated BP and other CVD events. Even healthy individuals may face the risk (48). Therefore, researchers were called upon to focus on safety before using BFR-RT to obtain cardiovascular protection benefits (49). During BFR-RT, the higher cuff pressure, the longer pressurization time, and the greater exercise load, the stronger cardiovascular and sensory (such as fatigue, muscle soreness, etc.) responses will be (50–52). Selecting 40% LOP for BFR-RT not only provides ischemic stimulation comparable to 80% LOP, but also reduces cardiovascular response (53). intermittent blood flow restriction can better improve muscle performance and reduce muscle fatigue than continuous blood flow restriction (54). In view of this, we developed the BFR-RT programme, the results showed that the BFR-RT achieved a similar antihypertensive effect to AE, and no serious adverse events occurred during the study period. This may be because long-term regular BFR-RT can improve vascular compliance, blunt ergoreflex sensitivity, restore the balance of sympathetic-vagal reflex in T2DM patients (55).

This study showed that from the third month of intervention, the 10-year ASCVD risk index of the two exercise groups had significantly decreased. This indicates that BFR-RT, like AE, can effectively improve abnormal glucose metabolism, dyslipidemia, hypertension, and obesity to reduce the risk of ASCVD in middle-aged T2DM patients. It is worth noting that although there was no significant difference between the two types of exercise in reducing the risk level of ASCVD, the speed of BFR-RT seems to be faster. This may be because long-term BFR-RT can also induce anti-atherosclerotic cardiovascular adaptation (56). During BFR-RT, the process of cuff compression and relaxation on the limb induces exercise preconditioning, promoting the production, activation, and release of some hormones, metabolites (such as lactic acid), cytokines, free radicals (such as nitric oxide), and other substances into the bloodstream in a short period of time. These substances are transported by the bloodstream to multiple organs, including the heart, and can help tissues and organs resist subsequent damage caused by prolonged ischemia and hypoxia (57). BFR-RT increases lactate in the body, promotes myocardial cell metabolism, and upregulates the expression of microRNAs associated with arterial formation (58). BFR-RT enhances ischemia and intravascular shear stress, promotes the synthesis and bioavailability of nitric oxide in vascular endothelium, and improves vascular endothelium-dependent relaxation function (59). BFR-RT can also stimulate the proliferation and differentiation of vascular endothelial progenitor cells, increase the activity of early markers of cardiovascular health, and promote the repair and regeneration of vascular endothelium (38). The improvement of vascular endothelial integrity and function by BFR-RT helps to slow the progression of ASCVD, and adherence to exercise can maintain this protective effect (60), making it an attractive option for T2DM patients who cannot tolerate moderate to high-intensity exercise.




5 Limitations of the study

The limitation of this study was that we did not provide an accurate daily energy intake data for individuals, as the intervention we provided was not conducted in a fully enclosed state, and could not provide three meals a day with the same caloric intake. Instead, we supported participants to maintain some lifestyle habits according to their own wishes. And Chinese people are used to eating several different dishes with family members at a meal, and the food has been cooked in different ways, so it is difficult to estimate the calories in the food by weighing it, which may affect our interpretation of some data. Although our research results confirmed that BFR-RT is safe for middle-aged T2DM patients and there were no serious adverse events such as thrombosis, stroke, myocardial infarction, etc. during the study, the sample size included in our study was small, and the participants did not have serious complications or uncontrolled diseases. Currently, there is no data available for reporting and analyzing the changes in thrombus risk and inflammation-related indicators in T2DM patients after BFR-RT. Therefore, there is not enough evidence to prove the effectiveness and safety of BFR-RT for patients with diabetes complications such as diabetic nephropathy, diabetic foot, and neuropathy. It is expected that further research will reveal these findings.




6 Conclusion

In summary, low-intensity, intermittent BFR-RT can significantly increase muscle glucose uptake and utilization, reduce blood glucose levels, improve insulin sensitivity, regulate blood lipids and BP, control obesity, and induce protective cardiovascular adaptation, thereby reducing the 10-year ASCVD risk in middle-aged T2DM patients. Patients with T2DM can use BFR-RT as an alternative to moderate-intensity AE according to individual circumstances to achieve early exercise adaptation and cardiovascular benefits. However, it is worth noting that our research on BFR-RT is still in the preliminary exploratory stage, and it is uncertain whether BFR-RT has the same protective effect on people who have already developed diabetic vascular complications. To ensure safety, it is recommended that patients with T2DM undergo adequate medical screening and CVD risk assessment before undergoing BFR-RT, and do so under the guidance of a professional.
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Background: Cardiovascular disease is a leading cause of death worldwide. The increase in patients with obesity and diabetes raises the risk of cardiovascular diseases. Proper eating habits and adequate nutritional knowledge play a key role in preventing and treating these conditions. This study aimed to evaluate the dietary habits, nutritional knowledge, and nutritional status of patients hospitalized in a cardiology department in Poland, including those with obesity or diabetes.
Methods: The study was conducted at St. Barbara Regional Specialized Hospital No. 5 in Sosnowiec from January to June 2021, involving 301 patients, 154 women (51.2%) and 147 men (48.8%), aged 29 to 87. Participants were assessed for BMI, NRS 2002 scale, morphology, biochemistry results, blood pressure, and examined for nutritional knowledge and habits using proprietary questionnaires. A proprietary scale was used to assess eating habits.
Results: Most cardiology patients were overweight or obese, with 80% exceeding the normal weight range. No significant gender differences were noted in malnutrition risk on the NRS 2002 scale. The study found patients rarely consumed recommended amounts of vegetables, fruits, legumes, whole grains, fish, and dairy products. Only 26.2% regularly ate a second breakfast, and just 9.3% chose water with meals. However, consumption of salty snacks, energy drinks, and alcohol was low. Biochemical and blood test analysis did not show significant differences between patients with diabetes, obesity, and others.
Conclusion: Most cardiology patients were overweight or obese, which poses a significant risk for further health complications, including cardiovascular diseases. Although patients with diabetes and/or obesity had better nutritional knowledge in some areas, this did not lead to healthier eating habits. The absence of significant differences in biochemical tests suggests that overall lifestyle and diet are crucial to cardiovascular health.
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1 Introduction

The development of civilization and scientific and technological advances are resulting in an increase in the health consciousness of society and an improvement in the living conditions of many populations. At the same time, this development is accompanied by the development of many diseases, of which metabolic diseases are an increasing problem (1, 2). Obesity is a chronic metabolic disease characterized by increased body weight due to a significant increase in body fat. Its basis may be genetic, endocrine, and environmental factors, however, it is most often the result of an excessive energy supply with food (2, 3). Obesity is considered an epidemic, causing dysfunction and pathological conditions of organs and entire systems in the human body over time. These dysfunctions, if not taken care of by specialists, can lead to permanent disability and even indirectly to death (4). This is common, especially in highly developed countries in which the percentage of obese people is higher due to easier access to high-calorie products with high amounts of simple sugars and fat. However, it should be noted that obesity has become a pathogenic factor in the development of type 2 diabetes, hypertension, or depression also in low- and middle-income countries (4, 5). Abdominal obesity, often referred to as central obesity, is characterized by fat accumulation in the abdominal and trunk area. It is particularly dangerous because of its various associated health risks (5). Abdominal obesity is assessed indirectly by anthropometric measurements and indices and directly by MRI, body composition analysis, or CT scans. Methods for assessing abdominal obesity, along with criteria for diagnosis, are as follows: WHR (Waist Hip Ratio—an indicator of body fat distribution) ≥ 0.85 in women, ≥ 1.0 in men; WHtR (Waist to Height Ratio—waist-to-height ratio) ≥ 0.50; abdominal sagittal dimension ≥25,2 cm in women, ≥ 22,8 cm in men; waist circumference ≥ 80 cm in women, ≥ 94 cm in men and direct methods—tissue cross-sectional area at the level of the L4-L5 intervertebral space (6, 7).

In Europe, obesity rates are 10–27% in men and 10–38% in women, while in Poland, overweight or obesity affects more than 60 and 50% of the population, respectively. In contrast, abdominal obesity, which can occur in normal-weight individuals, affects 71% of women and 56% of men in Europe, while in Poland it affects 56% of men and 39% of women (8).

Carbohydrate metabolism disorders are one of the most important, and more difficult to treat, problems. The most common such disorder is type 2 diabetes, which has been declared an epidemic by the United Nations (UN) and the World Health Organization (WHO). It is noteworthy that it is the first and only disease whose cause is non-communicable and is attributed to an epidemic nature (9, 10). The disease, according to IDF statistics, affects 300 million people worldwide, however, as many as one-third do not receive treatment because they are unaware of the disease. Poland, like many other countries, is also struggling with this diabetes problem. A study showed that in the early 2000s, 5.6% of Poland’s population between the ages of 18 and 94 had diabetes, but the figure is still rising. Currently, 7% of men and 6% of women suffer from diabetes. Studies have recorded 2.17 million people with diabetes (1.22 million women and 0.96 million men). It is expected that by 2030 as much as 10% of the Polish population will have diabetes (10–12). Factors in the development of type 2 diabetes, are primarily improper eating habits, which include an inappropriate diet, poor in whole grains, vegetables, and fruits, while rich in saturated fatty acids, trans fats, and simple sugars. These factors are further reinforced by a lack of physical activity and chronic stress (10, 13–17).

The pre-diabetic state, in combination with the other elements of the metabolic syndrome, poses a serious threat to the patient’s health and even life. It is estimated that about 80–90% of patients struggling with diabetes are those who are simultaneously being treated for obesity, hypertension, as well as accompanying lipid disorders (12, 18).

Knowledge, attitudes, and practices related to nutrition play a key role in the prevention and treatment of obesity and metabolic diseases, such as type 2 diabetes and hypertension. Obesity, a global health issue, is often a result of poor dietary habits and lack of physical activity (14, 16). Research shows that nutritional education can significantly influence patient attitudes and behaviors, but knowledge alone does not always lead to improved health outcomes (15). Attitudes and motivation for change are equally important, though they may be hindered by external factors, such as access to healthy foods or social support. Regular adoption of healthy dietary habits can reduce the risk of complications related to obesity and diabetes, but maintaining these habits requires an integrated approach that includes education, behavioral support, and social reinforcement (15, 17).

The main objective of this study was to evaluate the dietary habits, nutritional knowledge, and nutritional status of patients hospitalized in the cardiology ward, taking into account the group of patients diagnosed with obesity or diabetes. It was hypothesized that hospitalized cardiac patients with obesity or diabetes show differences in eating habits and nutritional knowledge, which affect their nutritional status, compared to patients without these conditions.



2 Materials and methods


2.1 Study design

The study was conducted between January and June 2021. The site of the study was the Cardiology Department at the St. Barbara Regional Specialized Hospital No. 5 in Sosnowiec in Poland. Patients presented to the hospital with cardiovascular complaints (I00-I99, according to the International Classification of Diseases and Health Problems ICD-10). The study was conducted after obtaining permission from the department and approval from the Bioethics Committee of the Silesian Medical University in Katowice No. PCN/0022/KB/299/19/20 (approval date: 21.01.2020), patients invited to participate in the study were informed about the purpose of the study and expectations in accordance with the Declaration of Helsinki. Patients were included in the study after obtaining their verbal and written consent.



2.2 Study participants

The study group consisted of patients of the Cardiology Department at the St. Barbara Regional Specialized Hospital No. 5 in Sosnowiec. The group consisted of 301 patients, including 154 women (51.2%) and 147 men (48.8%), aged 29 to 87 years. Inclusion criteria for the study included (1) age over 18, (2) residence in the Silesian province, (3) diagnosis of cardiovascular disease, (4) stay in the Cardiology Department at the St. Barbara Regional Specialized Hospital No. 5 in Sosnowiec for at least 3 days, and (5) consent to the study. Exclusion criteria for the study included (1) the presence of mental disorders and other health conditions that prevented informed full and correct completion of the survey, and (2) incomplete completion of the survey.



2.3 Research tools


2.3.1 Assessment of nutritional status

Nutritional status was assessed using the body mass index (BMI). The categorization was done according to the general findings of the WHO (World Health Organization): BMI <18.49 kg/m2—underweight, 18.5–24.99 kg/m2—normal weight, 25–29.99 kg/m2—overweight, 30–34.99 kg/m2 -obesity of the first degree, 35–39.99 kg/m2—obesity of II degree, >40 kg/m2—obesity of III degree (19).



2.3.2 NRS 2002 scale

Patients’ nutritional status was also assessed by analyzing nutritional status and disease severity using the Nutritional Risk Score (NRS 2002) scale. According to Kondrup et al. (2, 3), the NRS-2002 nutritional risk score is based on an assessment of the following three items: nutritional status, disease severity, and age. Patients receive 0 to 3 points for nutritional status and 0 to 3 points for disease severity. A score of 1 is added to patients aged 70 and older. The total score ranges from 0 to 7, and if the total score is 3 or more, the patient is classified as at risk of malnutrition according to the NRS-2002. Nutritional status in the NRS-2002 is assessed by three individual components: BMI, recent weight loss (5% in the past 1, 2, or 3 months), and food intake in the previous week. Information on food intake during the week before hospital admission was determined by the dietitian through an interview with the patient. Questions focusing on food intake before hospitalization were compared with normal intake. In addition, food intake was divided into 0–25%, 25–50%, and 50–75% of normal requirements (20, 21).



2.3.3 Assessment of dietary habits and nutritional knowledge

Individual face-to-face interviews were conducted by the researcher (nutritionist) to collect all relevant data from the study participants, including socio-demographic data (age, education level, place of residence) and lifestyle information. The study used a diagnostic survey method, within which a survey technique was applied. The author’s survey questionnaire consisted of a metric and two sections assessing dietary habits and knowledge.

The scope of the metric included questions on metric data such as gender, and age (determined by the year of birth and the year of the survey; environmental data: education; clinical data: diagnosed medical conditions, introduced diet). The author’s questionnaire examining the level of patients’ nutritional knowledge consisted of 19 closed-ended single-choice questions and two questions on self-assessment of their knowledge. The questionnaire examining patients’ eating habits included 9 closed-ended single-choice questions and a table of selected food products based on the FFQ-6 questionnaire (21). It assesses habitual consumption of food items over the past 12 months, divided into 6 levels of frequency. For each selected food item, respondents were able to indicate the frequency of their consumption by selecting one of the following options: (1) never, (2) once a month or less often, (3) several times a month, (4) several times a week, (5) daily or (6) several times a day.

A proprietary rating scale was used to assess the level of knowledge. Based on the questionnaire examining the level of nutritional knowledge and the answers given to questions 1–19, points were assigned: 0- incorrect answer, 1- correct answer. The total score for each patient and the percentage (%) against the maximum number of correct answers were then given. The level of knowledge was determined according to the following classification: Unsatisfactory 0–59%; Satisfactory 60–73%; Good 74–86%; Very good 87–100%.

A proprietary rating scale was used to assess the correctness of eating habits. Questions 1, 3, 6, 7, and 8 from Part I of the survey examining eating habits and all questions from Part II were evaluated. Based on the answers given in Part I, points were assigned: 0- incorrect answer, 1- correct answer. The answers to Part II, concerning the correctness of the frequency of consumption (never or seldom, once a month or less often, several times a month, several times a week, daily, several times a day) according to each food product, were assigned points: 0- answer may indicate incorrect eating habits, 1- correct answer. The total score for each patient and the percentage (W%) against the maximum number of correct answers were then given. The correctness of eating habits was determined according to the same classification as the level of nutritional knowledge.



2.3.4 Morphology, biochemical blood tests

Blood samples from all participants were taken after a 12-h overnight fast. These tests included leukocyte (WBC), erythrocyte (RBC), platelet (PLT), hemoglobin (Hgb), and hematocrit (Hct) levels. Biochemical results included fasting blood glucose (FG), total cholesterol (TC), triglycerides (TG) LDL cholesterol (LDL-C), and HDL cholesterol (HDL-C), as well as sodium (Na) and potassium (K). Uric acid (UA), creatinine (Cr), troponin (Troponin T) alanine aminotransferase (ALT), aspartate aminotransferase (AST), and creatine kinase (CK-MB) levels were also performed.



2.3.5 Blood pressure

Participants were in a sitting position for at least five minutes before blood pressure (BP) was assessed. A total of two trained nurses took two BP measurements for each participant (the same nurse took both measurements for a given participant) with a five-minute interval between measurements, according to Frese et al. (22). The mean value of each participant’s blood pressure calculated from the two measurements was used for the study.




2.4 Statistical analysis

Data were collected in MS Excel spreadsheet, MS Office 2013. Statistical analysis was performed using Statistica 2013, Stat Soft Poland. Measurable data were presented using measurable characteristics: mean (X) ± standard deviation (SD) median (M) and interquartile range (Rk). In the case of a symmetrical distribution, the mean was considered, while when the distribution was asymmetrical, the median value was interpreted. The Shapiro–Wilk test was used to assess the shape of the distribution. The analysis of differences in groups was conducted according to the number of groups and the shape of the distribution. In the case of two groups, the Student’s T-test or its non-parametric equivalent the Mann–Whitney U-test was used. For three or more groups, analysis of variance ANOVA or Kruskal-Wallis test was used, followed by multiple group analyses using post-hoc tests. Unmeasured data were presented as percentages. For analyses, significance tests of percentages within groups and χ2 tests of independence were used, taking into account corrections to the test (Yul’s test, Fischer’s test) depending on the expected numbers. In addition, correlation coefficients (Gamma, V Cramer) were provided to assess the strength of the relationship. In turn, to analyze the concordance of correct answers to questionnaire questions, Cochran’s Q test was performed. Wanting to assess the risk of metabolic syndrome, a logistic regression analysis was performed using the NRS 2002 level, age groups, and the results of morphological and biochemical blood tests. The level of statistical significance was set at p < 0.05.




3 Results


3.1 Characteristics of the study group

The study included 301 patients: 154 women (51.2%) and 147 men (48.8%), aged 29 to 87 years. They represented 5 age groups: under 50 (9.3%), 50–59 (12.6%), 60–69 (29.9%), 70–79 (36.9%) and over 80 (11.3%). Detailed information is presented in Table 1.



TABLE 1 Characteristics of the study group by gender and age.
[image: Table showing demographic data categorized by gender and age groups. It lists total numbers and percentages for age, body mass, and height along with education levels. Average age is 67 years, body mass 80.3 kg, and height 167.4 cm. Education levels: primary 5%, secondary 51.5%, vocational 23.9%, and higher 19.6%. Gender and age-specific data provided for each category.]

More than half of the cardiac patients studied were found to have obesity or diabetes (52.8%). There were no differences in the incidence of diabetes and obesity according to gender. However, there were differences in incidence according to age, those in the 70–79 age group were more likely to have diabetes and obesity (p < 0.01; p < 0.001). Details are shown in Table 2.



TABLE 2 Characteristics of the study group concerning the incidence of diabetes and obesity.
[image: Table showing the distribution of 301 patients across gender and age groups, detailing diabetes and obesity status. Includes p-values indicating statistical significance for each category across age groups, highlighting significant values for type 2 diabetes and obesity at p < 0.05.]



3.2 BMI and NRS-2000

More than three-fourths of the study subjects (80%) showed above-normal body weight as interpreted by the BMI index. Obesity of the 1st and 2nd degree particularly affected women 27.9 and 14.9%, respectively. By age, grade I obesity was most common among those in the 70–79 age range (26.1%), while grade II obesity was most common among those aged 60–69 (24.4%). Details of the anthropometric data are shown in Table 3. There was no significant group variation by gender, age, or diagnosis of obesity or diabetes in the frequency of diagnosed nutritional level risk as measured by the NRS index (Table 4).



TABLE 3 Anthropometric data of patients in the study group.
[image: Table displaying demographic and physical metrics of a study population. Metrics include total number, gender, age, body weight, height, and BMI. BMI categories like underweight, normal weight, overweight, obesity of the first and second degree are shown for different age groups and genders. Data is provided in counts and percentages, with averages, standard deviations, medians, and ranges given for continuous variables.]



TABLE 4 Analysis of nutritional status risk using the NRS-2002 index.
[image: Table displaying data on predictors across different NRS 2002 scores, showing counts and percentages for gender, age groups, and diabetes or obesity status. The p-values for each category are included, indicating statistical significance levels.]



3.3 Nutrition knowledge

The results of the patient’s nutritional knowledge survey were mixed. Patients with diabetes and/or obesity had better knowledge of the source of dietary protein (84.3% vs. 66.9%), the function and source of dietary fiber (52.8% vs. 37.3% and 52.2% vs. 48.6%, respectively), the function of iron (63.5% vs. 42.3%), and the source of vitamin C (71.7% vs. 58.5%). Patients who were not diagnosed with these entities did better on questions about dietary sources of calcium (81.8% vs. 57.1%). Among all respondents, respondents gave the most correct answers in questions about the source of protein (76.1%), the source of calcium (69.8%), and the source of vitamin C (65.4%). The exact results are shown in Table 5.



TABLE 5 Respondents’ nutritional knowledge.
[image: Table titled "Nutritional knowledge" showing questions, correct answers, and responses from groups with and without diabetes and/or obesity. Each row presents a question, correct answer, total responses, and p-values. Significant differences (p < 0.05) are marked with an asterisk.]

When asked about sources of nutritional knowledge, men were more likely to indicate that a dietician was the source of their knowledge relative to women’s indications (p = 0.005), while women were more likely to indicate literature and magazines (p = 0.001). Analyzing the sources of knowledge in the age groups studied showed that those aged 60–69 were significantly more likely to indicate that a nutritionist was their source of knowledge (p = 0.0001). In contrast, those aged 70–79 were significantly more likely to indicate a doctor. The Internet was the primary source of information for those under 50, with 67.9% indicating this response (p = 0.01). Detailed information is shown in Figure 1.

[image: Bar chart titled "Sources of Nutrition Knowledge" showing data across different age groups: over 50, 50-59, 60-69, 70-79, and over 80. Categories include Nutritionist, Doctor, Family/Friends, Internet, TV, Literature/Magazines, and Other, each represented by different colored bars. The 70-79 age group relies heavily on Literature/Magazines (47 people), while TV is a significant source for those over 50. The Internet is used significantly across various age groups, especially 60-69.]

FIGURE 1
 Respondents’ sources of nutritional knowledge by age (n=301).




3.4 Eating habits

Respondents were mostly characterized by incorrect eating habits. Only 26.2% of respondents always eat a second breakfast, and 44.3% of them choose fruit for this meal. A disturbing result is that only 9.3% of the subjects, including 15.7% with obesity and/or diabetes and only 2.1% without these diseases, chose water as a beverage for their meal. It is noteworthy, however, that almost ¾ of patients, regardless of the diagnosed disease entity, are wary of overeating at night (Table 6). The study of dietary habits in terms of frequency of intake of selected nutrients was divided into food groups such as cereal products, dairy products and eggs, meat products and fish, vegetables and grains, fruits, fats, beverages, and sweets. Detailed results including the above groups are shown in Table 7.



TABLE 6 Eating habits of respondents.
[image: Table showing eating habits, comparing 301 participants with and without obesity and/or diabetes. It includes questions on breakfast, meal frequency, and overeating, with correct answers and percentages. P-values indicate statistical significance, with asterisks denoting significance.]



TABLE 7 Frequency of consumption of selected products by respondents.
[image: A table details eating habits based on frequency of consumption across several food categories, such as cereal products, dairy, meats, vegetables, fruits, oils, drinks, and sweets. It compares data from people with and without obesity and/or diabetes, with p-values indicating statistical significance. The table displays percentages and total numbers for different consumption frequencies: several times a week, daily, several times a day, once a month or less, and never or seldom, for each category.]



3.5 Biochemistry and blood pressure

There was not much variation in the levels of blood biochemical parameters among the groups classified by BMI. The presence of obesity and/or diabetes generally did not affect the variation in levels of blood biochemical parameters. The results were not statistically significant. Detailed information is presented in Table 8.



TABLE 8 Analysis of blood pressure and blood biochemistry results.
[image: Table displaying biochemical blood parameters for 301 individuals, categorized by the presence of diabetes and/or obesity. Parameters include SBP, DBP, WBC, among others, with values for total, no diabetes/obesity, and diabetes/obesity groups, along with p-values indicating statistical significance.]




4 Discussion

The purpose of this study was to evaluate and analyze in detail the knowledge, behavior, and eating habits of patients hospitalized in the cardiology department with diagnosed diabetes or obesity, taking into account the results of morphological and biochemical tests and their nutritional status. The study included 301 patients hospitalized in the Cardiology Department of a hospital in the Silesian province. A survey technique based on proprietary questionnaires and available methods of assessing nutritional status was used. The study was conducted from January to June 2021 with the approval of the hospital director.

The hypothesis was that people with diabetes or obesity would show differences in diet and nutrition knowledge, which would affect their nutritional status compared to those without these conditions. The results of the study showed that more than 65% of overweight or obese respondents scored either sufficient or good on the nutrition knowledge questionnaire. In comparison, only 24.1% of those with a normal BMI scored other than inadequate. These results suggest that overweight individuals have greater nutritional awareness, although this does not always translate into healthy eating habits.

Respondents declared eating mainly 4–5 meals a day, and most of them, regardless of the type of health ailment, had breakfast every day, choosing most often a cheese or ham sandwich and tea. The highest daily consumption of wholemeal baked goods was declared by overweight and obese respondents. Similar results were obtained by Stefanska et al. (23)-in their study, about 32% of obese people declared daily consumption of wholemeal products. The study by Pielak et al. (24) showed that both rye bread and wheat bread are consumed with the same frequency, while diet, health-promoting, and crisp bread are far less popular among the surveyed consumers. Comparing the data concerning obesity and diabetes, it can be concluded that the results in all groups are similar.

Analysis of the weekly consumption of dairy products did not show particularly high consumption of these products in the diet of the subjects—the results oscillated around 37%. The relationship between the consumption of dairy products and eggs and the occurrence of obesity or diabetes could not be established. A comparison of data on the consumption of different types of meat showed that the respondents consumed lean fish, poultry, and red meats to a similar extent while avoiding organ meats and sausage products. This was also confirmed by a study conducted in Wroclaw in 2010 (25). The results showed that for 54% of women and 36% of men with hypertension, the presence of fat in the food items in question was of great importance when purchasing meat and meat products.

Regardless of the diagnosis of diabetes or obesity, patients were most likely to choose cucumber, root, and leafy vegetables. In comparison, the results of a study conducted during training at the Biaton Health Academy by Wlodarek and Glabska showed that patients with diabetes t. 2 were most likely to eat tomatoes, carrots, and cabbage (26). Regardless of BMI and prevalent diseases, the least frequently chosen products daily are nuts, pulses, and grains. The same results were presented in a study by Drywiew and Kuć (27), which proved the low consumption of legumes by elderly people living in rural areas.

Analyzing the results, it can be concluded that apples are the most consumed fruits daily. This is understandable, as they are available all year round, relatively cheap, and firmly rooted in Polish culinary tradition. Dried and candied fruits were chosen on average once a month or less often. Daily consumption of butter was declared by all respondents, regardless of the diagnosed disease entity. Consumption of mayonnaise and dressings was limited to a few times a month, which is a positive surprise considering the high energy value of these products. Similar results were obtained by Pilska (28), whose study of a representative group of Poles showed that butter was the most commonly consumed type of fat, followed by canola oil, margarine, olive oil, and sunflower oil.

All respondents unanimously avoided the consumption of sweetened and energy drinks—more than 60% never or seldom included them in their diet. This fact is a positive but unsurprising development. The respondents are mainly people aged 50 to 80 and older, who did not use these types of drinks during the acquisition of their eating habits (childhood and adolescence), so it was likely that the percentage of consumption of these products would be low. During the daily period, hot beverages are the most popular, with the majority of respondents declaring that they consume them daily or drink them even several times a day. Different results are presented in the study by Witanowska et al. (29), according to which the respondents are most likely to drink mineral water (83%), followed by fruit juices and sweet drinks. However, it is important to note the negligible consumption of energy drinks, both in this analysis and in our study.

Respondents also avoided the consumption of alcoholic beverages, with the highest consumption of wine, drinks, vodka, and spirits declared as “never” or “seldom” and “once a month” or less often. Analyzing the consumption of sweets, all respondents most often reached for chocolates, chocolate products, cookies, cakes, ice cream, puddings, and non-chocolate candies several times a month, with the percentage of consumption of each category of items being similar in all groups.

Summarizing the respondents’ knowledge and eating habits, it can be concluded that they vary depending on the topic addressed, but are generally incorrect about the diagnosed disease entity. Similar results were obtained in a study by Bieniek-Walenda et al. (30), who assessed the level of nutritional knowledge of patients after acute coronary syndrome hospitalized in a cardiology department. A good level of nutritional knowledge concerned only 6.9% of the subjects.

Analyzing dietary habits and the effect of diet on glycemic variability in patients with type 1 diabetes, a study by Koperska et al. (31) observed that, except for too little consumption of vegetables and too much consumption of fatty acids, the diet of respondents was satisfactory and following recommendations. Diet significantly influenced the variability of glycemic results, and properly planned nutrition was conducive to achieving the intended therapeutic goals. A study by Izycka et al. (32) on the diet of another group of patients, i.e., patients diagnosed with non-alcoholic steatohepatitis, showed that the vast majority of respondents, as in the author’s study, were eating incorrectly. Mistakes consisted mainly of consuming too many products rich in saturated fatty acids and simple sugars.

The results of assessing the dietary habits of patients with cardiovascular disease in the study by Mikulska et al. (33) were similar to those of the authors. The subjects also consumed excessive amounts of foods rich in fat and simple sugars, and insufficient amounts of foods containing dietary fiber, vegetables, legumes, nuts and fish. Similar to our results, the study also reported insufficient water intake. In conclusion, regardless of the diagnosed disease, the level of knowledge and eating habits of the public is inadequate, and it is necessary to introduce broad-based nutrition education.

Tests on the levels of biochemical parameters and patients’ blood counts, as well as the respondents’ blood pressure and their NRS, did not correlate with the occurrence of diabetes and/or obesity. Different results were obtained by Lewandowski et al. (34), who compared blood morphology studies with selected biochemistry results in elderly patients. This study showed that the onset of inflammation and associated changes in biochemistry affect the morphology of responders.

One of the main strengths of the study is the large number of respondents, which increases the representativeness of the results and allows for more reliable conclusions about the dietary habits and nutritional status of patients with cardiovascular disease. The use of the FFQ questionnaire provides accurate results on the frequency of product consumption, which allows for a detailed analysis of eating habits. In addition, a detailed questionnaire assessing the level of patients’ nutritional knowledge makes it possible to evaluate their awareness of diet and its impact on health. The survey took into account both clinical data (e.g., blood pressure, morphological and biochemical blood test results) and information on dietary habits, which allows a broad assessment of the impact of diet on patients’ health. It should be mentioned that the study was conducted in a hospital setting allowed direct assessment of patients’ health status and provided greater control over the quality of the data collected.

However, the study also has some weaknesses. Limiting the survey to a single institution may limit the ability to generalize the results to a broader population of patients with cardiovascular disease. There is also a risk of potential respondent error, as with surveys there is always the possibility that respondents may not answer honestly or accurately, which may affect the reliability of the results. In addition, the measurement of dietary habits and nutritional status was conducted only once, which does not allow for analysis of changes over time.



5 Conclusion

Analysis of the results obtained allows us to propose conclusions that the body weight and BMI value of the majority of respondents indicated overweight or obesity, and these results varied by gender, age, and the presence of diseases. There was no increased risk of malnutrition and no variation in the prevalence of malnutrition levels using the NRS 2002 scale. In addition, the respondents’ level of knowledge was inadequate and varied. Several abnormalities in dietary behavior and habits were found, in particular: a low level of consumption of vegetables and fruits, pulses, nuts and grains, whole grain cereal products, fish and milk, and dairy products, as well as a markedly insufficient intake of water. On the positive side, there was a low intake of salty snacks, sweetened energy drinks, and alcohol. There were no differences in the respondents’ eating behavior and habits in the context of the diagnosed disease entity. In addition, the vast majority of respondents had a diagnosed metabolic disease, co-morbidities were also common, and analysis of biochemical and blood count results showed some abnormalities, but these results did not vary by gender, age, BMI, and NRS scale.

The study results clearly indicate significant clinical and public health implications. Clinically, the inappropriate body weight of the majority of patients with cardiovascular diseases significantly increases the risk of cardiovascular complications. Although patients with diabetes and obesity possess better nutritional knowledge, this does not always translate into healthy dietary habits, highlighting the need for education that effectively changes behaviors. From a public health perspective, these findings emphasize the necessity of spreading nutritional education throughout society, especially among high-risk groups, and implementing educational programs and policies that promote healthy eating. Early dietary intervention based on solid knowledge could significantly reduce the risk of developing chronic diseases, thereby improving the overall health of the population.
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Diabetes and its complications are major diseases that affect human health. Diabetic cardiovascular complications such as cardiovascular diseases (CVDs) are the major complications of diabetes, which are associated with the loss of cardiovascular cells. Pathogenically the role of ferroptosis, an iron-dependent cell death, and cuproptosis, a copper-dependent cell death has recently been receiving attention for the pathogenesis of diabetes and its cardiovascular complications. How exposure to environmental metals affects these two metal-dependent cell deaths in cardiovascular pathogenesis under diabetic and nondiabetic conditions remains largely unknown. As an omnipresent environmental metal, cadmium exposure can cause oxidative stress in the diabetic cardiomyocytes, leading to iron accumulation, glutathione depletion, lipid peroxidation, and finally exacerbate ferroptosis and disrupt the cardiac. Moreover, cadmium-induced hyperglycemia can enhance the circulation of advanced glycation end products (AGEs). Excessive AGEs in diabetes promote the upregulation of copper importer solute carrier family 31 member 1 through activating transcription factor 3/transcription factor PU.1, thereby increasing intracellular Cu+ accumulation in cardiomyocytes and disturbing Cu+ homeostasis, leading to a decline of Fe–S cluster protein and reactive oxygen species accumulation in cardiomyocytes mitochondria. In this review, we summarize the available evidence and the most recent advances exploring the underlying mechanisms of ferroptosis and cuproptosis in CVDs and diabetic cardiovascular complications, to provide critical perspectives on the potential pathogenic roles of ferroptosis and cuproptosis in cadmium-induced or exacerbated cardiovascular complications in diabetic individuals.
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1 Introduction

Diabetes is an endocrine system disease caused by a chronic hyperglycemic state. Indeed, diabetes is characterized by high blood glucose levels that result from insulin deficiency, in the context of β- cell dysfunction, insulin resistance or both (1). This chronic metabolic disorder is one of the most common and fastest-growing diseases worldwide, projected to affect 693 million adults by 2045 (2). Vascular complications of both the macrovascular system (cardiovascular disease (CVD) and microvascular system (diabetic kidney disease, diabetic retinopathy, and neuropathy) are the leading cause of morbidity and mortality in individuals with diabetes (3). Additionally, studies have shown that CVD is the major contributor to morbidity and mortality in individuals with type 2 diabetes (T2D), with a risk that is doubled in patients with diabetes compared with those without diabetes (4). These studies show diabetes acts as an independent risk factor for several forms of CVDs such as coronary artery diseases, heart failure (HF), cardiomyopathy, arrhythmia, and peripheral artery disease (5). To make matters worse, when patients with diabetes develop clinical CVDs, they sustain a worse prognosis for survival than do CVD patients without diabetes (6).

Diabetes and its cardiovascular complications are complex, multifactorial conditions with both main environmental and genetic components. Major risk factors for cardiovascular complications among individuals with diabetes include the presence of other microvascular complications, as well as BMI, age, sex, blood pressure, smoking status, and heavy metals (7–9). Cadmium is a toxic heavy metal that has been associated with hypertension, promotion of atherosclerosis, and impaired cardiac function (10). Experimental studies indicated that cadmium exposure is associated with increased risk of HF and damages the cardiomyocyte (11, 12). In addition, epidemiological studies suggested that higher cadmium exposure is associated with disruption of pancreatic islet function and an increased prevalence of diabetes (13–15). Although, it has been indicated that cadmium exacerbates cardiovascular complications of diabetic mice (9), the relationship between cadmium exposure to induce or exacerbate cardiovascular complications in individuals with diabetes is not clear.

Ferroptosis and cuproptosis are recently discovered form of regulated cell death triggered by excess iron (Fe) and copper (Cu2+), respectively (16, 17). Cuproptosis is highly related to cellular metabolism (18), and ferroptosis plays a critical role in cellular proliferation, and differentiation (16). Ferroptosis and cuproptosis have attracted significant interest due to their association with numerous pathological processes (19, 20). Recent studies have shown that impaired ferroptosis was implicated in the occurrence and development of various CVD (21). On the other hand, the essential role of Cu homeostasis has been shown in diabetic cardiomyopathy (DCM) (22).

Environmental toxicant exposures play a significant role in the development and progression of diabetic complications, particularly in T2D. The interaction between genetic predispositions and environmental factors can influence the clinical presentation of diabetes and its associated complications (23). Cadmium as an environmental toxin is highlighted due to its role in exacerbating complications in diabetic patients, particularly in comparison to other environmental toxins. Cadmium leads to oxidative stress and inflammation, which are known contributors to the progression of diabetic complications (24). Studies have demonstrated that cadmium exposure increases markers of oxidative stress, such as malondialdehyde, while decreasing antioxidant levels in diabetic subjects, thereby worsening diabetic complications (25). Besides, cadmium may disrupt trace element homeostasis such as zinc (Zn), magnesium (Mg), Cu and iron (26–29). These findings indicate that cadmium exposure may induce ferroptosis and cuproptosis mediated by change trace element homeostasis. Besides, previous studies have shown that ferroptosis and cuproptosis are associated with the risk of CVDs and diabetic cardiovascular complications (16, 30–32). However, potential roles of ferroptosis and cuproptosis in cadmium-induced or exacerbated cardiovascular complications in individuals with diabetes are still unknown. And whether there is a relationship between ferroptosis and cuproptosis with cadmium-induced cardiovascular complications in the individuals with diabetes remains unclear. In the current review, we present an overview on the most recent advances exploring the underlying mechanisms of ferroptosis and cuproptosis in CVDs and diabetic cardiovascular complications and provide critical perspectives on the potential pathogenic roles of ferroptosis and cuproptosis during cadmium exposure in cadmium-induced or exacerbated cardiovascular complications in the individuals with diabetes.




2 Cadmium and CVD in the individuals with diabetes



2.1 Cadmium

Cadmium is a toxic heavy metal harmful to human health, which is released by industrial activities such as leachate from combustion of fossil fuels, mining residues, and human activities including pesticides or naturally present in the environment (33). In the United States, approximately 600 tons of cadmium compounds are produced yearly and 150 tons are imported from other countries (34). Cadmium has a long biological half-life (10-30 years) and the average dietary intake of this metal ranges from 8–25 μg per day (35, 36). Cadmium can enter animals’ and humans’ bodies via breathing, food, and drinking water and accumulate in the organism, and cause severe damage to a variety of organs, including the lungs, liver, kidneys, testes, and brain (27, 37, 38). It has been reported that cadmium exposure is correlated with many health disorders such as neurotoxicity, osteoporosis, gastrointestinal injury, cancer, and diabetes (39–43).




2.2 Diabetes

Diabetes is a complex metabolic disorder characterized mainly by chronic hyperglycemia, a physiologically abnormal condition represented by continued enhanced blood glucose levels (1). In 2019, the number of adults with diabetes is estimated to be around 463 million, which corresponds to 9.3% of the total adult world population. By 2030, this number is estimated to rise to 578 million, representing 10.2% of the world’s total adult population, and further increase to 700 million by 2045, which represents 10.9% of the total world adult population (44). There are three main types of diabetes: type 1 diabetes (T1D), type 2 diabetes (T2D), and gestational diabetes during pregnancy. T1D is thought to be caused by an autoimmune reaction characterized by the destruction of the pancreatic islets of beta cells, leading to insufficient insulin secretion. Approximately 5-10% of the people who have diabetes have T1D. However, T2D accounts for more than 90% of all cases (45, 46). Diabetes and its complications are complex, and both major environmental and genetic factors participate in its etiopathogenesis (1). T2D has been more commonly associated with increasing age, family history of diabetes, obesity, physical inactivity, and adoption of modern lifestyle, but these factors are complex and remain largely unspecified. Nonetheless, unlike T1D, this disease is not associated with genes involved in the immune response including autoimmunity and consequently there is no immune-mediated destruction of pancreatic β-cells (47, 48).




2.3 Diabetic cardiovascular complications

Diabetes not only causes microangiopathy (associated with the three major diabetic complications, namely diabetic nephropathy, retinopathy, and neuropathy) but is also a major risk factor for macroangiopathy such as CVDs (49, 50). It has been indicated that diabetes can lead to multiple cardiovascular complications, including coronary artery disease, HF, and cardiac hypertrophy (51). CVDs are the leading cause of death worldwide, and they disproportionally affect people living in different communities and environments. Yearly, CVDs cause immense economic and health burdens in the United States and worldwide. In 2020, approximately 19 million deaths were attributed to CVDs, which was an increase of 18.7% since 2010 (52). Depending on the diabetes subtype and CVD complications for example, myocardial infarction, coronary heart disease, HF or stroke, individuals with diabetes have anywhere from a twofold to tenfold increased risk of CVD complications compared to individuals without diabetes (49, 53, 54). Despite the well-known increased risk of CVDs among individuals with diabetes, the pathophysiology linking the two conditions is poorly understood.

DCM is a specific diabetes-induced CVD that refers to a group of diseases that affect the heart muscle, leading to cardiac structure remodeling and dysfunction. Cell death, especially cardiomyocyte death, plays a critical role in the development of cardiomyopathy. When cardiomyocytes die, either by necrosis (uncontrolled cell death) or apoptosis (programmed cell death), there is a loss of contractile units, leading to impaired heart function. This occurs because cell death is followed by energy imbalances, chronic inflammation, and oxidative stress, all of which play crucial roles in the development and progression of cardiac dysfunction, i.e., cardiomyopathy (55–57). On the other hand, oxidative stress increases in patients with diabetes and animal models of diabetes (58). Indeed, oxidative stress and inflammation play a key role in the pathogenesis and progression of diabetes-induced CVD, where the enhanced expression of inflammatory proteins or cytokines such as oxidative stress-related proteins or C-reactive protein are shown to serve as biomarkers for the occurrence of cardiovascular complications (59).




2.4 Cadmium induces CVDs

Recent studies have highlighted the risks of chronic exposure to environmental toxicants, including heavy metals such as inorganic arsenic, lead, and cadmium in CVDs. Despite the fact that the exact effects of cadmium on the cardiovascular system are controversial, studies have shown that it can affect the cardiovascular system at extremely low doses. An in vitro study showed that a dose of cadmium less than toxic concentrations can trigger pathological changes in the vessel walls (60). Besides, chronic cadmium exposure has been associated with promotion of atherosclerosis, hypertension, and impaired cardiac function, as well as an increased risk of cardiovascular mortality (10, 61, 62). In addition, CVDs, stroke, coronary heart disease, and peripheral arterial disease increase due to cadmium exposure (63).

The underlying mechanisms by which cadmium can induce CVDs, cardiomyopathy, and coronary heart disease are still unclear, and further studies are needed to elucidate this issue. However, it has demonstrated that cadmium can disrupt endothelial cells integrity and induces cadmium-mediated endothelial cell death. The formation of gaps between the endothelial cells allows cadmium to diffuse from the bloodstream into the media layer (64). Cadmium is mainly retained in the smooth muscle cells after transport across the endothelial cells and can affect smooth muscle cells. Its effects on smooth muscle cells include cytotoxic effects, interactions with ion homeostasis and calcium ion flux, and stimulation of smooth muscle cell proliferation at low cadmium concentrations, leading to subsequent lipid accumulation in vessel walls and alteration of lipid profiles toward a more atherogenic state (65, 66). Cadmium accumulation also increases multiple important pro-inflammatory cytokines such as interleukin (IL)-6, IL-8, IL-1β, and tumor necrosis factor α (TNF-α) (67), which may play a critical role in atherosclerosis (68, 69). Moreover, exposure to cadmium alters lipid metabolism and decreases nitric oxide release from endothelial cells, leading to atherosclerosis, stroke, and hypertension (70).





3 Potential roles of cadmium-exacerbates cardiovascular complications in individuals with diabetes

Cardiovascular disease remains the leading cause of mortality and morbidity in individuals with diabetes. Recent studies have presented the risk of cardiotoxic effects of exposure to multiple metals particularly under diabetic or metabolic conditions (71–73). In one of these studies, Long et al. (72) demonstrated inverse associations between selenium and zinc incident CVD risk in patients with T2D. However, evidence for the association between heavy metal levels, especially cadmium and the risk of CVDs among individuals with T2D is limited. A recent study has presented that exposure to cadmium is significantly associated with higher risk of CVD mortality among patients with T2D (74). Animal studies have shown the effect of cadmium exposure on cardiac glucose metabolism and lipid accumulation in male Wistar rats. This study has indicated that cadmium exposure induces cardiac glucometabolic dysregulation and lipid accumulation independent of pyruvate dehydrogenase activity which could reduce cardiac efficiency (75). Besides, Xiuxiu Liu (9) has reported that cadmium exacerbates DCM development in mice. Altogether, potential roles of cadmium in exacerbating cardiovascular complications in the individuals with diabetes are described below (Figure 1).
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Figure 1 | Potential role of cadmium in exacerbating cardiovascular complications in individuals with diabetes. Cadmium exposure in individuals with diabetes results in hyperglycemia, ceramide accumulation, and an increase in the FFA oxidation, proinflammatory cytokines as well as generation of ROS. The ROS activate several pathways involved in the pathogenesis of diabetic cardiovascular complications, including inflammation, disrupting DNA repair, oxidative stress, apoptosis, and cell death. FFA, free fatty acid; ROS, reactive oxygen species.



3.1 Oxidative stress

Based on the above discussion, diabetes is associated with cadmium exposure and cadmium is also a risk factor for cardiac oxidative damage. Cadmium-induced cardiac oxidative stress is mediated by free radicals generation and subsequent production of reactive oxygen species (ROS) such as superoxide anion free radical (O2.−), hydrogen peroxide (H2O2) as well as hydroxyl free radical (HO.) in the heart (76, 77). Enhanced production of ROS can overwhelm cells’ intrinsic antioxidant defenses, and result in oxidative stress, lipid oxidation, cell cycle progression, DNA damage, and apoptosis (78). Cadmium exposure provides cardiac oxidative damage; therefore, this heavy metal may also exacerbate cardiac dysfunction or CVDs in individuals with diabetes.

On the other hand, cadmium exposure is reported to induced hyperglycemia and oxidative status, leading to pancreatic β-cell dysfunction and progression of diabetes (79, 80). Hyperglycemia induces overproduction of some ROS like O2.− by the mitochondrial electron transport chain. It could be the first and key event in the activation of all other pathways involved in the pathogenesis of diabetic complications (81, 82) such as oxidative stress, inflammation, and CVDs (83). Additionally, studies have demonstrated that ROS generation under various pathological conditions such as cadmium exposure triggers ceramide accumulation in diabetic myocardium (83, 84). Ceramide accumulation has been proposed to be involved in insulin resistance, triggering cardiomyocyte apoptosis, cardiac arrhythmias, and CVDs (85, 86).

Generally, the heart uses fatty acid (60—80%) or glucose oxidation to produce adenosine triphosphate (ATP). Cadmium can further increase fatty acid (FA) oxidation and inhibit glucose oxidation in the heart under diabetic condition. FA oxidation decreases ATP and enhances ROS production in the mitochondria. A decrease in ATP and increased ROS production in the mitochondria due to cadmium exposure in individuals with diabetes leads to cardiovascular complications (77, 87).




3.2 Inflammation/signaling pathways changes

Cadmium disorders the arrangement of myocardial fibers and accelerates the fibrosis on myocardial fibers in diabetic mice. Furthermore, cadmium increases the level of transforming growth factor β1 (TGF-β1) in diabetic mice (9). TGF-β1 may contribute to cardiac dysfunction and induce DCM (88). On the other hand, cadmium exposure raises proinflammatory cytokines such as TNF-α, IL-1, and monocyte chemoattractant protein-1 (MCP-1) in diabetic mice (9). Rise of TNF-α, IL-1, and IL-8, levels in the serum and pancreas may affect inflammation in CVDs (89). MCP-1 plays a causative role in experimental DCM, and MCP-1 deficiency in animal models can attenuate HF (90–92). However, evidence to confirm the role of cadmium in exacerbating the risk of diabetic cardiovascular complications is limited, so more studies are needed to understand its underlying mechanisms.




3.3 Epigenetic effect

Other potential biological mechanisms for the effects of heavy metals, particularly cadmium, on the cardiovascular system include altered regulation of endocrine and endothelial vascular functions, as well as epigenetic pathways (93, 94). Some heavy metals can form covalent bonds with sulfhydryl groups of proteins due to their electron-sharing properties (95, 96). The binding to glutathione leads to depletion of its levels, resulting in an increase in the intracellular concentration of ROS. The consequences of this process include damage to cell membranes, promotion of lipid peroxidation, DNA damage, oxidation of amino acids in proteins leading to changes in their structure and function, and inactivation of enzymes (95). Increased oxidative stress and ROS generation may lead to the formation of gene products that cause cellular damage and loss of activity of DNA repair pathways, thereby contributing to the pathogenesis of diabetic cardiovascular complications (83, 97, 98).




3.4 Disturbing essential homeostasis

Interference with essential metal homeostasis, induction of oxidative stress and apoptosis by multifactorial mechanisms are considered as the most influential forms of cadmium toxicity in humans (94). Chronic exposure to cadmium results in several disorders through disrupt the homeostasis of trace elements such as Zn, Mg, Cu, and iron (26–29). For instance, cadmium displaces Zn in many sulfur-containing proteins, which leads to their dysfunction and the subsequent disruption of numerous biological processes (29). Animal study by (27) has demonstrated that early exposure to cadmium remarkably affected essential metals homeostasis such as Zn, Mg, Cu, and Fe levels in the kidney, liver, and heart in offspring. Cadmium can produce ROS by indirectly displacing an endogenous Fenton metal (e.g., Fe2+) from proteins, thus increasing the amount of free redox-active metals (99). Besides, excessive ROS production can lead to mitochondrial membrane depolarization, macromolecule oxidation, and apoptosis (99). Therefore, cadmium can disturb essential homeostasis by altering essential metals’ homeostasis and inducing and exacerbating different types of cell death such as apoptosis and necrosis. However, in the continuation of current review, we introduce other types of cell death such as ferroptosis and cuproptosis and provide potential pathogenic roles of ferroptosis and cuproptosis during cadmium exposure in cadmium-induced or exacerbated cardiovascular complications in the individuals with diabetes.





4 Ferroptosis

Ferroptosis is a novel non-apoptotic form of regulated cell death (100). Ferroptosis is induced by small molecules that inhibit glutathione (GSH) biosynthesis or glutathione peroxidase 4 (GPX4), and is characterized by iron-dependent accumulation of ROS and consumption of polyunsaturated fatty acids (PUFAs) in the plasma membrane (101). Ferroptosis differs from necroptosis, apoptosis, autophagy, and other types of cell death in terms of morphological characteristics and functions (102). The signaling pathway involved in ferroptosis includes multiple interconnected molecular events that key players in this pathway include iron metabolism, lipid metabolism, and antioxidant systems (30, 103). During the process of ferroptosis, the activity of cystine–glutamate antiporter (system Xc-) is inhibited, namely the amount of cystine entering into cells and glutamate transporting out of cells decreases. The lipid peroxide accumulates (103, 104). The production of lipid peroxides is iron-dependent. Iron accumulation in lipid oxidation facilitates the overproduction of lipid ROS. Then, reduced lipid peroxide scavenging due to inhibition of lipid antioxidants (e.g., GPX4) leads to ferroptosis (103, 105). Besides, other molecules and processes also contribute to the regulation of ferroptosis. The nicotinamide adenine dinucleotide phosphate oxidase (NOX) family of enzymes, such as NOX1 and NOX2, generate ROS that can contribute to lipid peroxidation and ferroptosis (106) as shown in Figure 2.
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Figure 2 | Schematic model of ferroptosis and molecular mechanisms of cadmium-exacerbated ferroptosis in diabetic cardiomyocytes. Molecular mechanisms of ferroptosis and related signaling pathways, which mainly include iron metabolism, GSH and GPX4, and lipid peroxidation. (1) Iron uptake via the transferrin receptor 1 (TfR1) or degradation of ferritin iron stores increases the labile iron pool, thereby cells are susceptible to ferroptosis via the formation of lipid hydroperoxides through the Fenton-like reaction. (2) Cystine-glutamate antiporter system Xc- regulates cysteine and GSH availability. GPX4 utilizes GSH to reduce lipid hydroperoxides, thereby preventing lipid peroxidation chain reactions. (3) The PUFA-PLs that are derived from PUFA-CoA by LPCAT3 and PUFA by ACSL4, respectively, are the main causative of lipid peroxidation. Cadmium exposure can cause oxidative stress in the diabetic cardiomyocytes, leading to iron accumulation, GSH depletion, lipid peroxidation, and finally exacerbate ferroptosis and disrupt the cardiac. In addition, Nrf2 up-regulation due to cadmium-induced oxidative stress can increase HO-1 expression to regulate iron hemostasis. GSH, reduced glutathione; GPX4, glutathione peroxidase 4; system Xc-, cystine–glutamate antiporter; PUFAs, polyunsaturated fatty acids; PUFA-CoA, PUFA coenzyme A; PUFA-PL, phospholipid PUFA; Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, heme oxygenase.



4.1 Ferroptosis in diabetes

Ferroptosis has been implicated to play a pathogenic role in several disorders extending various systems, including liver disease, lung disease, cardiovascular disease, neurodegenerative disorders, cancers, kidney injury, gastrointestinal disease, and pancreas dysfunction (107). Since ferroptosis is regulated by the iron-dependent accumulation of lipid peroxides and subsequent oxidative damage, it has been suggested that ferroptosis may play a role in the pathogenesis of diabetes (108, 109). Excessive iron stores have been demonstrated to be associated with the development of diabetes, and ferritin levels are increased in T2D (110). Elevated ferritin in diabetes patients led to hyperglycemia (111). Besides, other iron metabolism indicators such as hepcidin could also be related to diabetic pathogenesis (110). Substantial researches have called that iron deficiency and excess may affect glucose regulation (112), and high glucose can cause a rise to iron overload (113), which is known to trigger ferroptosis. Meanwhile, under iron overload condition, oxidative stress can induce insulin resistance (114).

Pancreatic islet β-cells are susceptible to ferroptosis. Some studies indicate that pancreatic β-cells are susceptible to oxidative stress because they express a low level of antioxidant enzymes such as superoxide dismutase, GSH peroxidase, and catalase (115); therefore, ROS is prone to accumulate in the pancreatic islet β-cells. Accumulation of ROS in the pancreatic islet β-cells can trigger many forms of deterioration, including ferroptosis (105). Pancreatic islet β-cells function is closely associated with diabetes, and insufficient insulin secretion caused by pancreatic β-cells failure contributes to hyperglycemia. Hyperglycemia may inflict solute carrier family 7 member 11 and solute carrier family 3 member 2 impairment, leading to system Xc– dysfunction in the molecular mechanism of ferroptosis (116). Increased cellular iron alters the expression of genes involved in β-cell function and causes pancreatic β-cell dysfunction (117). Nutrient-deprivation autophagy factor-1 (NAF-1), is a class of iron-sulfur proteins that regulates mitochondrial iron levels (118). Interestingly, suppressed expression of NAF-1 in INS-1E pancreatic β-cell results in the appearance of ferroptosis-like features characterized by enhanced lipid peroxidation, and decreased expression of GPX4 (119). Krummel et al. have implicated that β-cells may have a high sensitivity to ferroptosis and confirmed that GPX4 distributes throughout the β-cell to a large extent, eliminating GPX4 induces ferroptosis (120). Altogether, ferroptosis features including upregulation in transferrin expression, elevated lipid peroxidation, and reduction in GPX4 have been observed in INS-1 E pancreatic β-cell, following the suppressed expression of NAF-1, which is a protein that regulates mitochondrial iron levels (107). A study showed remarkably reduced glucose-stimulated insulin secretion (GSIS) capacity in human islet β-cells when they were treated with the ferroptosis inducer erastin in vitro (121). Conversely, pretreatment with a ferroptosis inhibitor, Fer-1, rescued the damage to GSIS (121). On the other hand, inhibition of ferroptosis using specific inhibitor Fer-1 as the first ferroptosis inhibitor effectively improves the viability and functionality of pancreatic islets (122). These data indicate that ferroptosis as a new mechanism of cell death, plays an important role in maintaining homeostasis in the pancreatic islet cells, and may help to develop novel treatments for diabetes.




4.2 Ferroptosis in diabetic cardiovascular complications

Diabetes onset leads to a wide spectrum of macrovascular and microvascular disorders that affect the majority of the body. Diabetes is a high-risk factor to contribute CVDs, including atherosclerosis, myocardial ischemia/reperfusion injury in diabetes, DCM, and HF (123). Recent evidence illustrates that the development of diabetes complications particularly diabetic cardiovascular complications is closely related to ferroptosis (107). DCM is a group of myocardial diseases in patients with diabetes, which is distinguished by early onset of ventricular diastolic dysfunction and late onset of ventricular systolic dysfunction, cardiac hypertrophy, and fibrosis (124). The pathogenesis of DCM is primarily due to impaired cardiac energy metabolism and mitochondrial abnormalities, which consequently lead to ROS-mediated oxidative stress, and cardiac inflammation, all of which are associated with the same pathogenic risk factors for ferroptosis (108). Zang et al. demonstrated a potential increase in ferroptosis in the hearts of mice with T1D through increased iron deposition and cardiac 4-hydroxy-2-nonenal, a biomarker of lipid peroxidation for ferroptosis (125). Meanwhile, increased expression of cyclooxygenase 1 and fatty acid coenzyme A ligase proteins in the ferroptosis signaling pathway was observed in the hearts of rabbits with T1D, along with decreased GPX4 protein levels (126). Lipid peroxidation and reduced lipid peroxide scavenging due to inhibition of lipid antioxidants (e.g., GPX4) are pathogenic risk factors for ferroptosis.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription factor controlling the expression of many ferroptosis-related genes such as GPX4 (127). Nrf2 and its target genes have an inhibitory effect on ferroptosis and act as a major regulator of cell redox state and detoxification to prevent high glucose-induced oxidative damage in DCM (128). Recent studies have shown that activation of Nrf2 reduced oxidative damage induced by high glucose in cultured cardiomyocytes and prevented the development of DCM in animal models (129, 130). Therefore, inactivating Nrf2 could mediate antioxidant defense and impair iron metabolism (125). Nevertheless, an interesting study demonstrated that Nrf2 has destructive effects on the heart by promoting ferroptosis during myocardial autophagy deficiency (125). However, targeting Nrf2 and its related targets remains a viable approach to prevent or treat DCM by regulating ferroptosis, which undoubtedly deserve further studies.

Myocardial ischemia is more likely to occur in those with diabetes, leading to myocardial vulnerability (131). Under diabetic conditions, oxidative stress and programmed cell death turn down AMP-activated protein kinase (AMPK) expression, leading to a higher level of NOX, whose main function is to supply ROS (132). Endoplasmic reticulum stress (ERS) is a cellular response to endoplasmic reticulum (ER) dysfunction and can be triggered by ROS, which is produced by the interaction between iron ions and NOX during ferroptosis (123). Erastin could aggravate ERS and cell injury by stimulating ferroptosis in high-glucose hypoxia reoxygenation group cell model. Meanwhile, inhibition of ERS could alleviate ferroptosis and cell injury. Also demonstrated is that suppressing ferroptosis may alleviate ERS, which was triggered by transcription factor 4- CCAAT-enhancer-binding protein homologous protein pathway and delay the progression of diabetic myocardial ischemia/reperfusion injury (133).




4.3 Cadmium and ferroptosis in diabetic cardiovascular complications

Several studies have shown that exposure to environmental pollutants such as arsenic and cadmium is closely associated with ferroptosis (134, 135). Cadmium exposure causes pancreatic β-cells dysfunction by disrupting lipid metabolism and inducing lipid accumulation in pancreatic β-cells (136). Cadmium can also cause abnormal iron metabolism and interfere with iron homeostasis (Figure 2). Hong et al. suggested that cadmium exposure can lead to iron accumulation, GSH depletion, GPX4 reduction, lipid peroxidation, mitochondrial membrane potential loss, and ultrastructural damage at the mitochondrial level by activating the Ager/Pkc/p65 pathway. Therefore, cadmium can induce ferroptosis of pancreatic β-cells by activating the GPX4/Ager/p65 pathway (137), exacerbating diabetes and its complications. On the other hand, high glucose levels in individuals with diabetes can induce ferroptosis in cardiomyocytes as a complication of diabetes (126).

Cardiomyocytes are rich in mitochondria and serve as the main source of ROS in the heart (138). Exposure to stressful conditions like heavy metals causes activation of lipid peroxidation in the heart (139, 140). Cadmium toxicity also inhibits mitochondrial function in cardiomyocytes by inactivating respiratory chain enzymes which results in the induction of ferroptosis (141). Moreover, cadmium interacts with endogenous and exogenous antioxidants and compromises the redox potential of the cells, which causes a series of complications such as lipid peroxidation of membranous structures, DNA damage–associated genotoxicity, and proteotoxicity associated ER-stress (142, 143). Therefore, this cardiac pathogen induces common conditions such as iron overload in cardiomyocytes, mitochondrial dysfunction, oxidative stress, and lipid peroxidation which lead to ferroptosis and CVDs (139).

Nrf2/heme oxygenase (HO-1) signaling pathway, as a critical signaling pathway in the oxidative stress response, is involved in anti-inflammatory, antioxidant, and other processes. Recent studies suggest that ferroptosis plays an indispensable role in DCM through the Nrf2/HO-1 pathway, and the activation and upregulation of Nrf2 can increase GPX4 and HO-1 expression to alleviate DCM (144). Another major feature of ferroptosis is an increase in intracellular free iron due to a disturbance in iron metabolism. Nrf2 regulates many ferroptosis-related proteins, such as ferritin, transferrin receptor (TfR), ATP-binding cassette subfamily B member 6, ferrochelatase. Nrf2 has also been shown to regulate the metabolism of heme to produce iron by regulating HO-1 and then regulating the concentration of iron in cells to reduce ferroptosis (145). The therapeutic potential of Nrf2 activation was well documented against pathological conditions associated with oxidative stress (146, 147). Additionally, when a cell was exposed to oxidative stress, the expression of the HO-1 mRNA and protein upregulated (145). Oxidative stress is one of the most important pathways of cadmium toxicity (148). Notably, cadmium exposure upregulates Nrf2 mRNA in H9c2 cardiomyocytes, which activate Nrf2 protein (149). Nrf-2-activation-mediated phase 2 enzymes were shown to be protective against toxic effects of cadmium in various cell lines and in mice (149). Cadmium induces cardiac oxidative stress and activates Nrf2 signaling pathway and activation of Nrf2 signaling pathway attenuates cadmium-induced cardiac oxidative stress (150) (Figure 2). Besides, activation of AMPK and Nrf2 plays an important role in preventing cardiac ferroptosis and consequently preserving cardiac function in T2D mice (151). Even though Nrf2 activation can be a novel ideal therapeutic strategy for alleviating cardiotoxicity and cardiac ferroptosis caused due to cadmium exposure in diabetic patients, further study is needed to confirm this.





5 Cuproptosis

The latest research in the field of cellular biology and disease research has discovered a new form of cell death, cuproptosis, which differs from pyroptosis, apoptosis, necroptosis, and ferroptosis (17). This process involves the activation of specific signaling cascades and is associated with changes in mitochondrial enzymes. In particular, the regulation of cuproptosis is based on copper overload, is dependent on mitochondrial respiration and adenosine triphosphate (ATP) production and is closely related to the tricarboxylic acid (TCA) cycle. Indeed, cuproptosis mainly occurs in mitochondria where its membrane oxidative damage can cause mitochondrial dysfunction and TCA cycle-related enzyme dysfunction, leading to cuproptosis (152). First, Elesclomol-Cu2+ transports Cu2+ into and out of cells and copper ion channels solute carrier family 31 member 1 (SLC31A1) and ATP7B also regulate the accumulation of copper ions by mediating the entry and exocytosis of copper ions, respectively (Cai, et al., 2024). Intracellular Cu targets and binds to lipoylated mitochondrial enzymes in the TCA cycle such as dihydrolipoamide S-acetyltransferase (DLAT), inducing the aggregation of these proteins (18). The aggregation of these Cu-bound lipoylated mitochondrial proteins and the subsequent reduction of Fe–S (iron–sulfur) clusters lead to proteotoxic stress and ultimately cell death. Ferredoxin 1 (FDX1) and lipoic acid synthetase (LIAS) are the critical regulators of protein lipoylation, facilitating the aggregation of mitochondrial proteins and loss of Fe–S clusters (17, 18). Interestingly, genetic knockout of either FDX1 or LIAS leads to an accumulation of pyruvate and α-ketoglutarate, reducing protein lipoylation and inhibiting Cu-induced cell death (18), as shown in Figure 3. However, the mechanisms that underlie Cu-induced cell death are poorly understood. Therefore, further research is needed to determine the specific molecular details and potential therapeutic interventions for cuproptosis (32, 153).

[image: Diagram illustrating the process of copper uptake and its effects on cardiac cells. Elesclomol-Cu²⁺ complex and Cu²⁺ ions enter the cell via CTR1 and SLC31A1 transporters. ATP7B regulates Cu⁺, affecting Fe-S cluster proteins and leading to oxidative stress (ROS). Hyperglycemia from cadmium exposure increases AGEs production. Glucose metabolism passes through pyruvate into the TCA cycle in mitochondria, contributing to cuproptosis of cardiomyocytes, resulting in cardiac damage. Key proteins involved include FDX1, DLAT, and LIAS.]
Figure 3 | Schematic model of cuproptosis and molecular mechanisms of cadmium-induced cuproptosis in diabetic cardiomyocytes. Elesclomol binds extracellular copper (Cu2+) and transports it to intracellular compartments. Besides, copper ion channels SLC31A1 and ATP7B regulate the accumulation of Cu+ by mediating the entry and exocytosis of Cu+, respectively. Afterward, regulate cuproptosis sensitivity by affecting intracellular Cu+ levels. On the one hand, Cu+ binds to lipoylated mitochondrial enzymes in the TCA cycle such as DLAT, inducing the aggregation of these proteins. On the other hand, FDX1 as an upstream regulator of protein lipoylation reduces Cu2+ to Cu+, and with LIAS facilitates the aggregation of mitochondrial proteins and loss of Fe–S cluster proteins. Cadmium-induced hyperglycemia can enhance circulating AGEs. Excessive AGEs in diabetes promote the upregulation of copper importer SLC31A1 through ATF3/SPI1, thereby increasing intracellular Cu+ accumulation in cardiomyocytes and disturbing Cu+ homeostasis, leading to a decline of Fe–S cluster protein and ROS accumulation in cardiomyocytes mitochondria. ATP7B, ATPase copper transporting beta; SLC31A1, solute carrier family 31 member 1; Fe–S, iron-sulfur; FDX1, ferredoxin 1; TCA, tricarboxylic acid; DLAT, dihydrolipoamide S-acetyltransferase; LA-DLAT, lipoylated DLAT; LIAS, lipoyl synthase; AGEs, Advanced Glycosylation End Products.



5.1 Cuproptosis in diabetes and diabetic cardiovascular complications

Copper is an essential metal micronutrient, and abnormal copper metabolism is associated with multiple diseases, including Menkes disease, cardiovascular disease, Alzheimer’s disease, inflammation disorders, and cancers (32, 154–156). A high oral intake of Zn would affect copper absorption and can cause a decrease in copper absorption. Therefore, the Cu/Zn ratio is a key index to predict the risk of diabetes (157). Moreover, clinical studies have shown that plasma copper concentrations are positively associated with impaired glucose regulation in T1D and T2D, as well as all-cause mortality in patients with diabetes (158–160). Copper may induce diabetes via impaired glucose regulation and cuproptosis-induced oxidative stress and disrupted mitochondrial function.

Cuproptosis is caused by oxidative stress and impaired mitochondrial function, while diabetes alters the metabolism of cardiomyocytes, which also leads to oxidative stress that can result in increased copper levels in the cells (22). High levels of copper have been positively correlated with ROS generation (161). Copper promotes ROS generation, insulin resistance, and diabetes occurrence, leading to the development of atherosclerosis (162). On the one hand, accumulation of catalytically active Cu2+ in the cardiac extracellular myocardial induces copper toxicity, which is proposed as an important catalyst of cardiovascular damage in diabetes (163, 164). Copper toxicity leads to protein oxidation, GSH depletion, lipid damage, and redox imbalance (165, 166), which could cause impairment of heart function and exacerbate CVDs such as ischemic heart disease, arrhythmia, and heart hypertrophy. On the other hand, cardiomyocytes have the highest number of mitochondria. Therefore, it is reasonable to assume the potential induction of cuproptosis (108). This elevated copper accumulation can initiate a cascade of events that ultimately trigger cuproptosis (17) and its diabetic complications such as CVDs.

AGEs are formed by irreversible nonenzymatic reactions between reducing sugars, such as glucose, and amino groups in proteins, lipids, and nucleic acids during diabetes mellitus and could promote cardiomyocyte death through calcium overload, oxidative stress or excessive autophagy (167–169). Moreover, AGEs play an important role in the pathogenesis of diabetic complications, especially cardiomyopathy (170). AGEs promote the upregulation of high-affinity copper transporter-1 by upregulating the transcription factors activating transcription factor 3 (ATF3)/transcription factor PU.1 (SPI1)/SLC31A1, thus increasing intracellular copper accumulation and inducing cuproptosis in DCM (171). In addition, increased cuproptosis in the heart of streptozotocin-induced T1D and db/db T2D mice has been reported (171). Therefore, cuproptosis is closely related to the pathogenesis of DCM, which is expected to become another unique angle to explore the pathogenesis of diabetic cardiovascular complications, including DCM.

Besides, previous studies have suggested that changes in serum copper concentration and their effects may involve regulation at the genomic level (172, 173). A bioinformatics study recently showed that four key genes HSDL2, BCO2, CORIN, and SNORA80E are involved in the development of cardiomyocyte cuproptosis in patients with diabetes mellitus-associated HF through effects on the immune system (174). Previous studies also showed that hyperactivation of the PI3K/Akt/FoxO1/LOXL2 pathway promotes the development of myocardial fibrosis in the cardiomyocytes of patients with diabetes (175). This finding may enable us to quickly identify potentially relevant pathogenic factors. However, further cell or animal experiments are required to verify.




5.2 Cadmium and cuproptosis in diabetic cardiovascular complications

As cuproptosis is a novel kind of programmed cell death, recently reported by Tsvetkov et al. in March 2022 and its underlying mechanism and potential role of different environmental toxicants, including heavy metals such as inorganic arsenic, cadmium, and lead on cuproptosis are still not well known. Based on the results discussed in this review, heavy metals, especially cadmium, induce oxidative stress, pancreatic β-cell dysfunction, hyperglycemia, and disrupt insulin secretion, which induces and exacerbates T1D and T2D. Hyperglycemia induces oxidative stress, which causes mitochondrial dysfunction and AGE production (169). AGEs play an important role in the pathogenesis of diabetic complications, especially cardiomyopathy. Excessive AGEs in diabetes promote the upregulation of copper importer SLC31A1 through ATF3/SPI1, thereby increasing intracellular copper accumulation in cardiomyocytes and disturbing copper homeostasis. This encourages the decline of Fe–S cluster protein (FDX1, LIAS) and decreases lipoylation of DLAT-aggravated mitochondrial dysfunction in cardiomyocytes resulting in myocardial dysfunction (171). Moreover, excess copper-induced oxidative stress can lead to glutathione oxidation and decreased glutathione conjugation, ultimately resulting in cuproptosis and cardiotoxicity (176, 177) (Figure 3).

Although the direct effects of cadmium on hyperglycemia and the initiation of diabetes and the indirect effects of cadmium to exacerbate diabetic cardiovascular complications via ROS and AGE production have been demonstrated, further studies are undoubtedly needed to understand the interaction between cadmium and copper homeostasis in cardiac cuproptosis. Experimental evidence also has shown that inhibiting cuproptosis can attenuate mitochondrial dysfunction and cardiac damage in diabetic animal models. For instance, copper chelators like Trientine (triethylenetetramine, TETA) and Tetrathiomolybdate (TTM) can inhibit copper overload (178). However, further research is needed to fully understand the precise mechanisms linking cardiac cuproptosis in diabetic patients to explore potential therapeutic interventions targeting this pathway.





6 Conclusions and perspectives

Diabetes is characterized by high blood glucose levels that result from insulin deficiency, in the context of β- cell dysfunction, insulin resistance, or both (1). Oxidative stress and inflammation play a key role in the pathogenesis and progression of diabetes-induced CVD, where the enhanced expression of inflammatory proteins or cytokines such as oxidative stress-related proteins are shown to serve as biomarkers for the occurrence of cardiovascular complications (59). Oxidative stress and apoptosis by multifactorial mechanisms are considered as the most influential forms of cadmium toxicity in humans (94). The potential roles of cadmium in exacerbating cardiovascular complications in individuals with diabetes are described in the current review (Figure 1).

Cadmium exposure has been linked to cardiovascular complications in individuals with diabetes, potentially inducing ferroptosis and cuproptosis. The studies discussed above have provided preliminary, important evidence indicating the potential roles of ferroptosis and cuproptosis in cadmium-induced or exacerbated CVDs and diabetic cardiovascular complications. These processes involve disruption of trace element homeostasis, oxidative stress, GSH depletion, GPX4 reduction, and inflammation. Besides, cadmium induces common conditions such as iron overload in cardiomyocytes, mitochondrial dysfunction, oxidative stress, and lipid peroxidation, which lead to ferroptosis and cardiovascular complications in the individuals with diabetes (139). Furthermore, the present results are indicated that iron dysregulation by cadmium contributed to cadmium-induced ferroptosis, and induced or exacerbated cardiovascular complications in individuals with diabetes. Collectively, these results indicate that ferroptosis is involved in cadmium-induced cardiovascular complications in individuals with diabetes and is regulated by the Nrf2, HO-1, and GPX4 axis as well as promoting mitochondrial ROS generation (Figure 2).

Cuproptosis is the most recently described form of cell death triggered by copper accumulation and results in oxidative stress and mitochondrial dysfunction (22). This elevated copper accumulation can initiate a cascade of events that trigger cuproptosis (17) and its diabetic complications such as CVD. AGEs are formed by irreversible nonenzymatic reactions between reducing sugars, such as glucose, and amino groups in proteins, lipids, and nucleic acids during diabetes mellitus and could promote cardiomyocyte death through calcium overload, oxidative stress, or excessive autophagy (169). Cadmium-exacerbated hyperglycemia in diabetes patients can enhance AGEs, which excessive AGEs may promote the upregulation of copper importer SLC31A1 through ATF3/SPI1, thereby increasing intracellular copper accumulation in cardiomyocytes and induce myocardial cuproptosis (171). Overall, cuproptosis plays an essential role in cadmium-induced or exacerbated cardiovascular complications through copper importer SLC31A1 and mitochondrial accumulation of ROS in individuals with diabetes (Figure 3).

Little is known about the epigenetic effects of cadmium-exacerbates cardiovascular complications in the individuals with diabetes. Further research is needed to investigate the epigenetic effects of cadmium to exacerbate diabetic cardiovascular complications. Furthermore, the studies discussed above have provided preliminary, important evidence indicating the potential roles of ferroptosis and cuproptosis in cadmium-induced or exacerbated cardiovascular complications in individuals with diabetes. Nevertheless, the underlying mechanisms of ferroptosis and cuproptosis in cadmium-induced or exacerbated cardiovascular complications such as CVDs, cardiomyopathy, and coronary heart disease are still unclear, and further studies are needed to elucidate this issue. Activation of AMPK and Nrf2 plays an important role in preventing cardiac ferroptosis and preserving cardiac function in T2D mice (151). Even though Nrf2 activation can be a novel ideal therapeutic strategy for alleviating cardiotoxicity and cardiac ferroptosis caused due to cadmium exposure in diabetic patients, further study is needed to confirm this.

The direct effects of cadmium on hyperglycemia and the initiation of diabetes and the indirect effects of cadmium to exacerbate diabetic cardiovascular complications via ROS and AGE production have been demonstrated, further studies are undoubtedly needed to understand the interaction between cadmium and copper homeostasis in cardiac cuproptosis. Besides, experimental evidence has shown that inhibiting cuproptosis can attenuate mitochondrial dysfunction and cardiac damage in diabetic animal models. Copper chelators like TETA and TTM can inhibit copper overload (178). Further research is needed to fully understand the precise mechanisms linking cardiac cuproptosis in diabetic patients to explore potential therapeutic interventions targeting this pathway.
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Introduction

People who are overweight following bariatric surgery (BS) often need physical exercise to help with body function. However, it is not known which exercise interventions are more effective in improving physical function.





Methods

PubMed, Web of Science, Embase, and Cochrane Library databases were systematically searched for randomized controlled trials evaluating the effects of different exercise interventions on physical function in patients with excessive obesity following bariatric surgery. Outcome measures included effect sizes for physical function (PF), expressed as the number of stand-sit passes or the maximum distance walked within a time limit, body mass index (BMI), and blood pressure (BP). A systematic review was conducted to screen and synthesize the included studies, followed by a network meta-analysis for quantitative data analysis.





Results

A total of 15 studies involving 1011 patients were included. For PF, telehealth core exercise had the highest probability (0.46) of being the most effective intervention. For BMI, nutritional behavior and guided exercise, intervention had the highest probability (0.27) of being the most effective. Regarding BP, exercise prescription had the highest probability (0.47) for improving systolic blood pressure, while aerobic and strength and flexibility training had the highest probability (0.6) for improving diastolic blood pressure.





Discussion

Telehealth core exercise may be the most effective intervention for enhancing PF in overweight patients after bariatric surgery. Changes in BMI and BP with different postoperative exercise interventions may depend more on the surgery itself than the exercise modality. More specifically designed RCTs are needed for reliable conclusions.





Systematic review registration

https://www.crd.york.ac.uk/prospero, identifier CRD42024507209.





Keywords: morbid obesity, bariatric surgery, exercise interventions, physical functioning, network meta-analysis




1 Introduction

Overweight and obesity, as defined by the World Health Organization (WHO), constitute health risks resulting from abnormal or excessive fat accumulation (1). These conditions are associated with a heightened risk of severe health issues, including heart disease, stroke, type 2 diabetes, and certain cancers (2). Obesity-related factors contribute to over 2.8 million premature deaths annually, making obesity the fifth leading cause of premature death globally.

Bariatric surgery (BS) is often regarded as a non-conservative treatment option when standard weight loss methods, such as lifestyle changes, prove ineffective (3). Surgical treatment for obesity is substantially more effective than traditional approaches, yielding significant and sustained weight loss while alleviating or resolving obesity-related complications. However, BS is not without side effects. Research indicates that approximately 30% of weight loss following BS can be attributed to a reduction in muscle mass, potentially impairing physical mobility and muscle strength (4–8). Consequently, numerous studies have advocated for exercise interventions post-BS to mitigate or eliminate these adverse effects through physical activity (53).

Caspersen, Powell, and Christenson defined physical activity as “any bodily movement produced by skeletal muscles that results in the expenditure of energy.” The term “exercise” is further specified as “planned, organized, repetitive, and purposeful movement intended to improve or maintain one or more components of physical fitness” (9). Even modest increases in physical activity (PA) have been shown to impact morbidity and mortality significantly. For example, individuals engaging in 15 minutes of physical activity daily can reduce their risk of all-cause mortality by 14% and extend their life expectancy by three years compared to those who remain inactive (10). Regular exercise can also lower blood pressure in 75% of people with hypertension, with average systolic and diastolic reductions of 11 and 8 mm Hg, respectively (11). Additionally, each extra 15 minutes of activity beyond the initial 15 minutes per day further reduces all-cause mortality by 4% and all-cancer mortality by 1%. These benefits are observed across various age groups and genders and in individuals at high risk for cardiovascular disease. Engaging in four hours of light-intensity PA per week has been shown to decrease all-cause mortality by 38% compared to sedentary behavior. Furthermore, each additional hour of PA per week is significantly associated with increased survival. It is suggested that an increase of 15 minutes per day (equivalent to 105 minutes per week) may be considered a clinically significant improvement (12).

In recent years, there has been increasing interest in the effects of various exercise modalities on obese patients’ post-bariatric surgery (OPBS). These studies can be categorized into three main groups. The first group comprises studies focusing on exercise training, aiming to investigate the effects of endurance training, strength training, and other physical fitness regimens on OPBS (13–22). The second group includes studies conducted from a nutritional perspective, examining the interaction between protein and other nutrients with physical activity in this population (23, 24). The third group consists of studies from a health management perspective, exploring the impact of different exercise prescription on OPBS (25–27). Despite the diversity of exercise interventions studied, no trials have comprehensively compared these interventions, making it challenging to determine the most effective approach for improving physical function in OPBS.

In light of the above, this study employs a network meta-analysis to identify the most effective exercise intervention for enhancing physical function in OPBS. This analysis comprehensively compares the effects of various exercise interventions on their physical function.

This systematic review and meta-analysis adhered to the PICOS framework, which includes defining participants (P), interventions (I), comparisons (C), outcomes (O), and study design (S). Each of these elements was rigorously applied to ensure a structured and comprehensive evaluation of the available evidence.




2 Materials and methods



2.1 Protocol and registration

This review adhered to the guidelines outlined in the Cochrane Handbook and the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (28), (29). The review protocol was available on PROSPERO (https://www.crd.york.ac.uk/prospero) and the registration number for this systematic review was CRD42024507209.




2.2 Eligibility criteria



2.2.1 Population

The population under investigation in this systematic review was defined as follows: (1) participants were aged between 18 and 60 years; (2) participants had undergone bariatric surgery; (3) participants had a body mass index (BMI) of 30 kg/m² or higher.




2.2.2 Interventions

Due to the influence of COVID-19, there were large differences in exercise intensity and duration of intervention and follow-up between intervention trials, and it was difficult to assess the effects of interventions more accurately by relying only on relatively broad groupings from the training, diet and care perspectives; therefore, this systematic review divided the included interventions relatively independently and included the following intervention trial studies: (1) Aerobic and strength and flexibility training, with the abbreviation being “ASFT”; (2) Aerobic and strength training, with the abbreviation being “AST”; (3) Aerobic training, with the abbreviation being “AT”; (4) Exercise prescription, with the abbreviation being “EP”, which includes three core individualized elements: dialogue, recommendation of physical activity with a written prescription, and follow-up; (5) Moderate-intensity aerobic exercise, with the abbreviation being “MAE”; (6) Nutritional behavior and guidance exercise interventions, with the abbreviation being “NBGEI”; (7) Protein intake intervention, with the abbreviation being “PII”; (8) Protein intake, and supervised strength training, with the abbreviation being “PISST”; (9) Transtheoretical model–based exercise training program, with the abbreviation being “TMET”; (10) Telehealth core exercise, with the abbreviation being “TCE”.




2.2.3 Comparators

The systematic review included trials in which the participants were asked to receive standard care, including regular medical follow-up, with no additional exercise intervention. The aforementioned trials were designated as the comparators and were abbreviated as “Control.” All of the aforementioned interventions could also be regarded as comparators.




2.2.4 Outcomes

The primary outcome was physical function, which was measured by either the 6/12-minute walk test or the 30/60-second stand-and-sit test (17, 30). Secondary outcomes included body mass and blood pressure, which were measured using the body mass index and systolic and diastolic blood pressures. All three of these variables were presented as mean ± standard deviation.




2.2.5 Study

This systematic review included only studies of randomized controlled trials (RCTs). All studies that met the eligibility criteria were required to be published in peer-reviewed English-language journals.




2.2.6 Exclusion criteria

Exclusion criteria for study were: (1) the type of literature was a review, conference literature or case study; (2) non-English language literature; (3) animal experiments; and (4) the research literature lacked a clear statement of the relevant baseline or outcome indicators.





2.3 Information sources

The Web of Science, Pubmed, Embase and Cochrane Library databases were searched electronically from inception to 20 January 2024, with the language restriction of English. In addition, the ClinicalTrials.gov website was searched for unpublished data. We also reviewed the references of identified records to identify relevant articles.




2.4 Search

Search terms included the keywords and corresponding MeSH terms for bariatric surgery, gastrectomy, gastric bypass, biliopancreatic diversion, gastroplasty, morbid obesity, body mass index, exercise, walking, training, physical activity, and randomised controlled trials. The complete list of search terms was provided in Supplementary Data Sheet 1 for reference.




2.5 Study selection

The screening process for eligible studies involved thorough examination of titles, abstracts, and full texts to ensure comprehensive inclusion in this systematic review. Initially, all retrieved studies were imported into EndNote for screening and duplicate removal. In the first stage, two independent authors scrutinized the titles, followed by a secondary review of abstracts by another pair of authors in the subsequent stage. Finally, a third independent author assessed the full texts of studies excluded in the second stage to determine their suitability for inclusion in the systematic review.




2.6 Data collection process

All the original data were extracted independently by two authors. Checking and confirming of extracted data by a third independent author.




2.7 Data items

To facilitate comparison of the aggregated effects of various interventions, we meticulously gathered trial details from each study, encompassing population demographics such as average age and gender distribution, along with intervention protocols categorized accordingly. These particulars were then synthesized and documented in an extraction sheet. The outcomes of this process were essential for assessing inter-study heterogeneity, potential biases, and establishing a foundation for the pooled evidence.

For the network meta-analysis, trial data was meticulously recorded in a separate extraction sheet to facilitate data preprocessing. This entailed capturing sample size (N), mean values (Mean), and standard deviations (SD) of each outcome at baseline and subsequent recording points. These metrics were imperative for detecting inconsistencies.




2.8 Risk of bias within Individual Studies

The risk of bias within individual studies was assessed utilizing the Cochrane Collaboration Risk of Bias Assessment Tool within the Cochrane Library Review Manager software (Version 5.3, Wiley, Chichester, United Kingdom) by two independent assessors (31). In cases of discrepancy, an impartial arbitrator was engaged to adjudicate.




2.9 Summary measures

The process of data extraction and integration was undertaken by two independent authors utilizing Microsoft Office Excel (https://www.microsoftstore.com). The outcomes related to physical function were delineated as standardized mean difference and standard error, while those associated with BMI and blood pressure were expressed as mean difference and standard error. Subsequently, a network meta-analysis was performed on the integrated data using the Aggregate Data Drug Information System (ADDIS) software (http://www.drugis.org/addis).




2.10 Assessment of inconsistency

The Aggregate Data Drug Information System (ADDIS) software was employed for data summarization and analysis. To determine consistency, the first step was to check for a closed loop of evidence in the evidence graph. If such a loop existed, it was necessary to compare the standard deviations under both consistency and inconsistency assumptions and ensure that all p-values in the node-splitting analysis were greater than 0 (32). This was because, when outcomes were interpretable, it was necessary to distinguish between models for each split node (33). If there was no closed loop, simply compared the standard deviations under the consistency and inconsistency assumptions. If these conditions were met, the consistency model could be selected (34).

In the consistency model, outcomes were depicted through a rank probability plot, where the cumulative sum of all rank probabilities equaled 1 (35). For PF, higher rank numbers in the plot denoted greater improvements, whereas for BMI, SBP, and DBP, lower rank numbers indicated greater improvements (13). Following the determination of the data analysis model and subsequent reporting of results, a league table was provided, illustrating the standard mean difference between column-defining and row-defining items (36). In the context of the inconsistent model, outcomes were presented in tabular format.




2.11 Risk of bias across Studies

Two independent evaluators employed the Cochrane Collaboration Risk of Bias Assessment Tool within the Cochrane Library Review Manager software version 5.3 to appraise the risk of bias across studies (37).





3 Results



3.1 Study selection

A total of 1,199 titles and abstracts underwent initial screening. Following the removal of 396 duplicates, 803 studies proceeded to the record screening stage. During this process, 595 non-published experimental reports and 141 non-RCT reports were excluded. Subsequently, 67 reports underwent full-text screening. Among these, 47 reports were excluded due to intervention criteria not being met, and 5 reports were excluded due to language limitations. Ultimately, 15 reports were deemed suitable for inclusion in the systematic review (13–27). The flow chart depicting this process was presented in Figure 1.

[image: Flowchart depicting the identification, screening, and inclusion process of studies. Initially, 1,199 records were identified across PubMed, Embase, Web of Science, and Cochrane Library. After removing duplicates and ineligible records, 803 records were screened. Of these, 595 were excluded for being ineligible study types, and 141 reports were not retrieved. From 67 reports assessed for eligibility, 52 were excluded for various reasons, leaving 15 included studies.]
Figure 1 | Flow diagram of the study selection.




3.2 Study characteristics

Among the 15 studies included, 12 investigated the impact of various exercise interventions on BMI among individuals with excessive obesity following bariatric surgery. Six studies examined the effects of different interventions on BP, while 9 trials assessed the impact of various interventions on PF.




3.3 Geometry of network

As depicted in Figure 2, network geometry visually illustrated the evidence structure. Each intervention was represented by a node, with direct comparisons between pairs of interventions indicated by edges (38). The number on each edge denoted the number of arms in each comparison. Figures 2A–D depicted the evidence plots for BMI, diastolic blood pressure, physical functioning, and systolic blood pressure, respectively.

[image: Evidence Networks Diagram of the Study shows four panels labeled A, B, C, and D. Panel A has interconnected nodes with multiple numbers on the lines. Panel B connects nodes to "Control" with values one or three. Panel C links nodes with varied connections and numbers. Panel D resembles Panel B but features slight node differences. Labels include AST, EP, TIP, and others.]
Figure 2 | (A) Presented the network of evidence for BMI; (B) presented the network of evidence for DBP; (C) presented the network of evidence for PF; (D) presented the network of evidence for SBP. Evidence networks diagram of the study: ASFT, Aerobic and strength and flexibility training; AST, Aerobic and strength training; AT, Aerobic training; EP, Exercise prescription; MAE, Moderate-intensity aerobic exercise; NBGEI, Nutritional Behavior and Guidance Exercise Interventions; PI, Protein intake group; PISST, Protein intake, and supervised strength training group; TIP, TTM-based intervention program; TCE, Telehealth core exercise.




3.4 Risk of bias within studies

Figure 3. presented the results of the risk of bias assessment. Following a discussion, a consensus was reached on all items. The overall bias was illustrated in Figure 3A. Firstly, the risk of selection bias (random sequence generation and allocation concealment) was low, with 9 studies identified as having a low risk of bias in this area. Secondly, the risk of performance bias (blinding of participants and personnel) and the risk of detection bias (blinding of outcome assessment) were considered to be of a medium level of concern (unclear in 10 studies). Thirdly, the risk of attrition bias (incomplete outcome data) was low (low in 8 studies), and the risk of reporting bias (selective reporting of outcomes) and other bias were low (low in 14 studies). Figure 3B, which depicted the collective outcomes, revealed that three studies exhibited a considerable degree of bias, six studies exhibited a moderate degree of bias, and six studies exhibited a minimal degree of bias.

[image: Bias assessment chart with two panels. Panel a shows a bar graph assessing various biases: random sequence generation, allocation concealment, blinding, incomplete outcome data, selective reporting, and other biases. Risks are color-coded: green for low, yellow for unclear, and red for high. Panel b is a matrix showing individual study assessments with similar color-coding for different biases, listing studies by name and year on the y-axis and types of biases on the x-axis.]
Figure 3 | Bias assessment of the study. (A) Illustrated the overall bias; (B) depicted the collective outcomes.




3.5 Results of individual studies

Table 1 showed the characteristics of the included trials and all original data were available in the Supplementary Data Sheet 1. In the final 15 included studies, the mean age of the patients ranged from 25.0 to 53.9 years. Of these, 450 patients served as controls and only received routine postoperative care.

Table 1 | Characteristics of the included trials.


[image: Table comparing studies on different interventions for patients undergoing bariatric surgery. Columns include study number, population details, sex, surgery type, interventions, and main findings. Interventions range from aerobic training to nutritional counseling, with findings on weight loss, physical function, and metabolic improvements. The table summarizes the effectiveness and outcomes of various exercise and nutrition programs post-surgery.]



3.6 Synthesis of results

The studies can be broadly categorized into three main groups. The first group includes research focused on exercise training, investigating the effects of various regimens on OPBS (13–22). Auclair examined the impact of combining aerobic and strength training on cardiovascular function. Aguilar-Cordero explored the combined effects of aerobic, strength, and flexibility training. Ali assessed the benefits of home-based core exercises on stability and aerobic capacity. Castello-Simoes studied the effects of aerobic exercise on cardiovascular function in female OPBS patients. Hassannejad evaluated both the individual and combined contributions of aerobic and strength training on cardiovascular and physical function. Marc-Hernández investigated the influence of aerobic and strength training on cholesterol levels and body composition. Mundbjerg analyzed the combined effects of aerobic and strength training on cardiovascular and physical function. Shah researched the impact of moderate to high-intensity aerobic exercise on cardiovascular health, while Tardif explored the effects of aerobic and strength training on cholesterol levels. The second group focuses on nutrition, specifically the interaction between protein intake and physical activity in this population (23, 24). Jassil evaluated the influence of nutritional counseling combined with exercise guidance on physical mobility. Oppert studied the impact of exercise paired with various protein intake regimens on body composition.The third group centers on health management and the effects of different exercise prescriptions on OPBS (25–27). De Oliveira assessed the impact of a semi-supervised training program on physical function improvement. Olsén investigated the role of tailored exercise prescriptions in monitoring physical fitness, while Ren utilized a Transtheoretical Model-based exercise program to enhance physical function performance.



3.6.1 Body mass index

The assessment of consistency models for different outcomes was presented in Table 2 and the network of evidence for BMI was presented in Figure 2A. which had a closed loop with Random Effects Standard Deviation = 0.91 (0.06, 3.10) under the consistency model and 0.96 (0.06, 3.18) under the inconsistency model, after node split analysis, p=0.65. Therefore, the consistency model was selected for the analysis of the data. The rank probabilities of BMI were presented in Figure 4. The probability of being ranked as ‘Rank N’ was highest for NBGEI, at 0.27. While the probability of being ranked as ‘Rank N’ was lowest for AT, at 0. The highest probability of being ranked as Rank 1 was observed for PISST, at 0.34, while the lowest probability was observed for control group and AST, at 0.

Table 2 | Assessment of consistency models for different outcomes.


[image: A table outlines outcomes related to BMI, SBP, PF, and DBP, showing the number of closed loops, random effects standard deviation in consistency and inconsistency models, and P-Values in node split. BMI and PF have one closed loop, associated standard deviations are provided, and P-Values for BMI and PF are 0.65 and 0.84, respectively. SBP and DBP show no closed loops, and their P-Values are not applicable. Abbreviations: BMI is body mass index, SBP is systolic blood pressure, PF is physical function, and DBP is diastolic blood pressure.]
[image: Bar chart titled "Rank Probability of BMI" showing probabilities for different training and intervention types across nine ranks. Categories include Aerobic and Strength and Flexibility Training, Aerobic and Strength Training, and others. Each category displays rank probabilities using distinct colors, with values detailed in the table below. Control group shows high probability in lower ranks compared to others.]
Figure 4 | Rank probability of Body Mass Index (BMI).




3.6.2 Blood pressure

The network of evidence for SBP was presented in Figure 2D which didn’t have closed loops with Random Effects Standard Deviation = 4.77(0.34, 9.42) under the consistency model and 4.74 (0.59, 9.38) under the inconsistency model. Therefore, the consistency model was selected for the analysis of the data. The rank probabilities of SBP were presented in Figure 5. The probability of being ranked as ‘Rank N’ was highest for EP at 0.47 and lowest for control group at 0. The probability of being ranked as ‘Rank 1’ was highest for MAE at 0.36 and lowest for TIP at 0.03.

[image: Bar chart showing the rank probability of SBP across six interventions: Aerobic and Strength and Flexibility Training, Aerobic and Strength Training, Exercise Prescription, Moderate-Intensity Aerobic Exercise, TTM-based Intervention Program, and Control. Each intervention is depicted with probabilities for ranks one to six using different colors. Moderate-Intensity Aerobic Exercise has the highest probability for Rank 1 at 0.36.]
Figure 5 | Rank probability of Systolic Blood Pressure (SBP).

The network of evidence for DBP was presented in Figure 2B which didn’t have closed loops with Random Effects Standard Deviation = 2.23(0.01, 5.42) under the consistency model and 2.28 (0.17, 5.40) under the inconsistency model. Therefore, the consistency model was selected for the analysis of the data. The rank probabilities of DBP were presented in Figure 6. The probability of being ranked as ‘Rank N’ was highest for ASFT at 0.6, lowest for the control group at 0, and intermediate for TIP at 0.25. Meanwhile, EP was the highest probability of being ranked as ‘Rank 1’ at 0.48 and ASFT was the lowest probability of being ranked as ‘Rank 1’ at 0.02.

[image: Bar chart depicting the rank probability of DBP for six activities: Aerobic and Strength and Flexibility Training, Aerobic and Strength Training, Exercise Prescription, Moderate-intensity Aerobic Exercise, TTM-based Intervention Program, and Control. Each activity is represented by bars for ranks one to six, with varying probabilities. The data table below the chart specifies exact probabilities for each rank across the activities.]
Figure 6 | Rank probability of Diastolic Blood Pressure (DBP).




3.6.3 Physical function

The network of evidence for PF was presented in Figure 2C which had a closed loop with Random Effects Standard Deviation = 0.44 (0.25, 0.89) under the consistency model and 0.46 (0.26, 0.93) under the inconsistency model, after node split analysis, p=0.84. Therefore, the consistency model was selected for the analysis of the data. The rank probabilities of PF were presented in Figure 7. The probability of being in the ‘Rank N’ category was highest for NBGEI at 0.46, while the lowest probability was observed for AST at 0. Meanwhile, the probability of being ranked as ‘Rank 1’ was highest for TCE at 0.56 and the probability of being ranked as ‘Rank 1’ was lowest for AT and Control and NBGEI at 0.

[image: Bar chart showing rank probabilities of different interventions in six categories: Aerobic and Strength Training, Aerobic Training, Nutritional Behaviour and Guidance Exercise Interventions, TTM-based Intervention Program, Telehealth Core Exercise, and Control. Each category is represented with six ranks, displaying varying probabilities in different colors. Control and TTM-based programs have higher probabilities for certain ranks compared to others.]
Figure 7 | Rank probability of Physical Function (PF).






4 Discussion

This review aims to investigate the effects of different exercise interventions on the PF of OPGS. Based on the results, three key findings emerged. First, telehealth core exercise appeared to be the most effective intervention for improving PF. Second, nutritional behavior and guided exercise interventions, as well as protein intake interventions, were likely the most effective for improving BMI. Third, aerobic exercise combined with strength and flexibility training might be most effective for improving DBP, while exercise prescriptions might be more effective for improving SBP.

These findings may provide insight into the clinical research process. The primary finding of this study was that telehealth core exercise was most effective for enhancing PF. Previous research showed that balance training can significantly improve the balance abilities of OPBS (39). Additionally, studies indicated that whole-body vibration training can effectively reduce the risk of falls in obese patients (40). These findings were consistent with those of the current study. Based on previous research, it can be inferred that the improvement in PF was closely related to the strengthening of small muscle groups, core strength, and balance abilities (14). Conversely, the effects of AT and NBGEI on this outcome may be relatively unsatisfactory. Sole reliance on aerobic training may primarily improve cardiorespiratory function, but may not adequately train stabilizing muscle groups (41). Moreover, some studies shown that exercise superimposed on bariatric surgery increased connectivity between the hypothalamus and sensorial regions, and decreased default mode network and posterior salience network connectivity compared to bariatric surgery alone (42). It is also possible that different exercise interventions have different levels of impact on the connectivity between regions of the brain. This may be achieved by examining the underlying physiological mechanisms from a neuroscience perspective. Furthermore, in terms of improving BMI, nutritional behavior and guided exercise intervention and protein intake intervention were considered the most effective. Conversely, aerobic training group and protein intake and supervised strength training group were the least effective in improving BMI. However, other than the significant improvement in aerobic training and strength training group compared to aerobic training group, and the control group’s significant improvement over the aerobic training group, there were no significant differences among other interventions (95% CI did not include 0). This suggested that the improvement in BMI in most studies may be more dependent on the BS itself (16). This phenomenon can be attributed to the more restrained eating behaviors commonly observed in individuals who have undergone metabolic and bariatric surgery, as the surgical procedure induces significant anatomical and physiological changes. The findings of other studies that evaluated restrained eating behaviors in patients who had undergone metabolic and bariatric surgery also supported the results of the present study (43–48). In addition, BS can lead to inadequate protein intake and a state of negative nitrogen balance in obese patients, resulting in weight loss that is not closely related to the type of postoperative exercise intervention. This is crucial for further explaining the protein leverage hypothesis (49). Lastly, the results suggested that aerobic exercise combined with strength and flexibility training may be most effective for improving DBP, while exercise prescriptions may be more effective for improving SBP. At the same time, the other intervention groups showed better improvements in both systolic and diastolic blood pressure than the control group. These findings were consistent with previous research. For instance, studies found that combined aerobic and strength training had a significant effect on improving DBP in hypertensive patients (41). Coupled with prior animal studies, the potential mechanism for regulating BP may be that aerobic exercise prevented BP elevation through beneficial changes in insulin sensitivity and autonomic nervous system function, while resistance training prevented BP elevation through beneficial changes in vascular contraction regulation (50, 51). Additionally, hypertension is a common complication of obesity, and as such, its presence or absence will not be used as a variable affecting the results of the experiment (52). However, the precise mechanisms of such changes are not yet fully understood. It appears that the sensitivity of diastolic and systolic improvements to the same type of exercise intervention differs. It is possible that relatively gentle and individualised exercise interventions are more effective in reducing SBP, while more intense forms of exercise intervention may produce better improvements in DBP.

The primary strength of this study is its innovative use of network meta-analysis to systematically identify the most effective exercise interventions for enhancing PF in OPBS. By integrating direct and indirect evidence from multiple studies, network meta-analysis provides a comprehensive comparison of various exercise modalities, surpassing the limitations of traditional meta-analyses. This approach not only offers a clearer hierarchy of intervention efficacy but also equips clinicians and rehabilitation therapists with valuable insights for tailoring personalized treatment plans. The findings contribute significantly to the evidence base, supporting the development of more effective exercise prescriptions for improving PF in OPBS.

Nevertheless, this review has several limitations. Firstly, there was variation in the types of BS that subjects underwent, and few studies categorized them by type, which could introduce bias. Secondly, some trials included only women, limiting the ability to assess gender effects. Thirdly, the recent COVID-19 pandemic led some studies to implement remote monitoring interventions, which may obscure the effects of similar interventions in fixed-location settings and complicate the accurate assessment of adherence. Additionally, as a meta-analysis, it is challenging to control precisely for the timing of interventions across studies. Given the declining prevalence of COVID-19 globally, further RCTs are needed to explore the effects of different exercise interventions on PF in OPBS, focusing on the influence of surgical procedure, gender, and intervention delivery method.

Future research should prioritize core muscle training interventions for individuals with OPBS to better understand the role of stabilizing muscles in enhancing PF within this population. Additionally, further studies could investigate the effects of protein intake on body composition, aiming to clarify the unique digestive and metabolic characteristics associated with OPBS. It would also be beneficial for future research to explore the mechanisms by which various exercise modalities influence blood pressure changes in this group, providing a deeper understanding of how different training approaches can impact overall cardiovascular health.




5 Conclusion

Telehealth core exercises are the most effective intervention for improving PF in OPBS, likely due to their impact on strengthening small muscle groups. In terms of BMI reduction, the combination of nutritional behavior modifications, structured exercise programs, and increased protein intake yields the best results. For DBP reduction, a blend of aerobic exercise, strength training, and flexibility exercises proves most beneficial. Conversely, SBP is more effectively managed through personalized exercise prescriptions. Meanwhile, it is important to note that changes in BMI and blood pressure may be more attributable to the effects of surgery itself than to the specific postoperative exercise interventions. Thus, further rigorously designed RCTs are needed to draw definitive conclusions.
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Diabetic cardiomyopathy (DCM) is defined as structural and functional cardiac abnormalities in diabetes, and cardiomyocyte death is the terminal event of DCM. Ferroptosis is iron-dependent oxidative cell death. Evidence has indicated that iron overload and ferroptosis play important roles in the pathogenesis of DCM. Mitochondria, an important organelle in iron homeostasis and ROS production, play a crucial role in cardiomyocyte ferroptosis in diabetes. Studies have shown some anti-diabetic medicines, plant extracts, and ferroptosis inhibitors might improve DCM by alleviating ferroptosis. In this review, we systematically reviewed the evidence of ferroptosis in DCM. Anti-ferroptosis might be a promising therapeutic strategy for the treatment of DCM.
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1 Introduction

The global prevalence of diabetes mellitus (DM) is increasing. Data from the International Diabetes Federation (IDF) has indicated that the global prevalence of DM was estimated to be 10.5% (536.6 million) of adults in 2021 (1). Cardiovascular disease is the leading cause of death in diabetic patients (2). Early in 1972, Rubler et al. described a pathological cardiac alteration in DM patients, which was characterized by ventricular hypertrophy and fibrosis, and termed diabetic cardiomyopathy (DCM) (3). Currently, DCM is defined as structural and functional cardiac abnormalities in diabetes, which cannot be explained by hypertension, coronary artery heart disease, valvular heart disease, or other heart diseases. DCM is the leading cause of heart failure and death in DM patients (4).

The death of cardiomyocytes is the terminal event of DCM (4–6). Ferroptosis, which was first described in 2012 by Dixon et al., is iron- and lipotoxicity-dependent cell death, and controlled by multiple pathways involved in iron accumulation, lipid peroxidation, or a disturbed antioxidant system (7). Evidence from recent years has indicated that ferroptosis participates in many heart diseases, including myocardial infarction (8), cardiac ischemia/reperfusion (I/R) injury (9), heart failure (10), myocardial hypertrophy (11), sepsis (12), and doxorubicin-induced heart injury (13). Therefore, therapies targeting ferroptosis or iron overload might be promising for cardiac diseases (14–17).

Iron overload and ferroptosis have been found to be closely correlated with diabetes and its complications (18, 19). Tissue iron overload causes increased ROS through the Fenton response, exacerbating diabetic cardiovascular complications (20). Therefore, in the present review, we summarized the related data about iron metabolism and ferroptosis and discussed their role in the pathogenesis of DCM, which may provide new evidence for the pathogenesis of DCM and its targeted therapy.




2 Iron and DCM

Iron is essential for many physiological processes including oxygen transport and mitochondrial energy metabolism. The iron enters the cardiomyocytes by chelating to transferrin, subsequently binding to the transferrin 1 receptor (TfR1) (21), but also through other routes including the T-type calcium channel (TTCC), divalent metal transporter 1(DMT1) (22), the L-type calcium channel (LTCC) (23), and Zrt-, Irt-like proteins (ZIP) 8 and 14 (24). Intracellular iron is utilized, stored bound to cytoplasmic ferritin, or imported by mitochondria. Excess iron can be extruded from cardiomyocytes by ferroportin (FPN) (Figure 1).

[image: Diagram illustrating the process of ferroptosis under conditions of high glucose, leading to diabetic cardiomyopathy (DCM). It shows iron import and storage, with factors like Nrf2, GPX4 inhibitors, and ROS generation. A heart with "DCM" is shown as the outcome.]
Figure 1 | The role of ferroptosis in the pathogenesis of DCM. Diabetes or high glucose may cause iron overload, mitochondria disorder, increased NCOA4-mediated ferritinophagy, and an impaired anti-oxidative Nrf2/GPX4 pathway in cardiomyocytes, which all contribute to increased lipid peroxidation and ferroptosis. Ferroptosis inhibitors Fer-1 and Lip-1, anti-diabetic medicine canagliflozin, and the plant extract sulforaphane all exhibit anti-ferroptotic effects in DCM by suppressing lipid peroxidation, activating Nrf2 and promoting Xc-/GSH/GPX4 axis separately. TF, transferrin; TfR1, transferrin 1 receptor; DMT1, divalent metal transporter 1; ZIP, Zrt-, Irt-like Proteins; Nrf2, nuclear factor erythroid 2-related factor 2; NCOA4, nuclear receptor coactivator 4; GSH, glutathione; GPX4, glutathione peroxidase 4; L/TTCC, L/T-type calcium channel; FtMt, mitochondrial ferritin; ROS, reactive oxygen species; Fer-1, ferrostatin–1; Lip-1, liproxstatin–1. The figure was created by Figdraw.

Iron overload is an excessive accumulation of iron, which has been found to be associated with insulin resistance, diabetes, and its complications (20, 25). In human studies, iron overload, which is demonstrated by serum iron levels, was associated with increased fasting plasma glucose and the occurrence of type 2 diabetes mellitus (T2DM) (26), and is positively associated with higher visceral fat mass in T2DM patients (27). Iron homeostasis is important to maintain cardiac function. Cardiac iron overload has been found to participate in the pathogenesis of 5-fluorouracil(5-FU) induced cardiotoxicity (28), doxorubicin-induced cardiomyopathy (29), and cardiac I/R injury (30). It has been suggested that iron overload may induce insulin resistance in cardiomyocytes (31), manipulate cardiac calcium regulation (32, 33), cause reactive oxygen species (ROS) accumulation and lipid peroxidation (34, 35), and therefore lead to cardiac dysfunction (36). Although insulin resistance plays a key role in the pathogenesis of DCM, whether an impaired insulin signaling pathway could cause iron overload in cardiomyocytes has almost never been reported in the literature.

In 2016, Li et al. examined the myocardial iron content using the aromatic absorption spectrophotometry method in diabetic rats induced by high fat diet and streptozotocin (STZ) injection, and no alteration was found between the diabetic rats and control rats (37). In another study performed in type 2 diabetic mice by Wang et al., labile iron content was significantly increased in myocardial tissue (38). Furthermore, in another study in STZ-induced diabetic rats, Fe2+ content was found to be increased in the heart tissue, indicating iron overload existed in DCM (39). An in vitro study conducted by Li et al. (40), found increased Fe2+ content in H9C2 cells treated with high glucose. Therefore, iron overload was found in DCM and might be correlated with the pathogenesis of DCM (Table 1).

Table 1 | Iron content alterations in diabetic models.


[image: Table showing iron measurement methods and trends in various animal/cell models. High fat diet/STZ-induced diabetic rats showed no change in total myocardial iron. Type 2 diabetic mice, STZ-induced diabetic rats, and H9c2 cells showed an increase in iron levels. References are listed as 37 to 40.]



3 Ferroptosis and DCM

Iron overload may trigger ferroptosis, a unique form of non-apoptotic cell death, which is characterized by iron-dependent lipid peroxidation (41). Cells that undergo ferroptosis exhibit malformed mitochondria, a decreased crest, membrane concentration, rupture of the outer membrane, and an absence of features of apoptosis. The main cause of ferroptosis is the depletion of glutathione and impaired function of phospholipid peroxidase glutathione peroxidase 4 (GPX4) which can protect cell membranes from peroxidative damage (7, 42). Ferroptosis participates in many cardiomyopathies including doxorubicin-induced cardiomyopathy (29), myocardial infarction (43), and heart failure (44). In diabetes, increased advanced glycation end-products (38), lipid peroxidation, and oxidative stress (45) all participate in the pathogenesis of DCM, which are also the triggers for cellular iron overload and ferroptosis. The expression of ferroptosis-promoting genes was increased in the heart tissue from STZ-induced diabetic mice (46) and ferroptosis was found in T2DM mice with DCM (38). A ferroptosis-promoting gene profile was also found by Gawargi et al. (47) in the heart tissue of diabetic patients with heart failure. Furthermore, ferroptosis inhibition led to improved cardiac contract function in T2DM mice (38). Therefore, ferroptosis participates in DCM and could be an intervention target in DCM therapy.

Ferroptosis is a complicated process in which many regulators and pathways are involved (48, 49). The detailed mechanisms underlying ferroptosis in DCM have been investigated but are quite limited. Nuclear factor erythroid 2-related factor 2 (Nrf2) is an important transcriptional factor and participates in multiple biological processes including anti-oxidation (50). It has been found that the activation of Nrf2 may improve DCM (51–53) and this effect might be partly via anti-ferroptotic effects. Wang et al. found that sulforaphane can increase ferritin expression in myocardial tissue by activating Nrf2, which may inhibit advanced glycation end-product-induced ferroptosis in DCM (38). Nrf2/GPX4, Nrf2/HO-1 pathway activation could inhibit ferroptosis and thus alleviate high glucose-induced cardiomyocyte injury (54–56) (Figure 1). Recently, novel evidence has indicated that alterations in the intestinal microbiota (57) reduced cardiac expression of retinol dehydrogenase 10 (58) and upregulated lysine acetyltransferase 2 A (Kat2a) (59), both of which participate in ferroptosis in DCM and provide more therapy targets for DCM.

Mitochondria are not only the organelle that produces ROS but are also pivotal for iron metabolism and ferroptosis (60). Cardiomyocytes need a continuous energy supply to maintain their beating. Mitochondria, as the energy factories, are crucial for maintaining heart function. It has been suggested that mitochondrial dysfunction participates in the occurrence and the devolvement of DCM (61, 62). The role of mitochondria in iron overload and ferroptosis has been studied but is still complicated. Iron overload caused cardiac and mitochondria dysfunction in rats (63) and led to mitochondrial iron accumulation, an increase in mitochondrial ROS, and ferroptosis in cardiomyocytes (64). Data from an in vitro study indicated that oxidative stress, which was induced by a tert-butyl hydroperoxide treatment, induced mitochondrial iron overload and cardiomyocyte ferroptosis by targeting the Bach1-HO-1 pathway (65). Furthermore, in doxorubicin-induced cardiomyopathy, doxorubicin triggered iron accumulation in mitochondria, which further caused cardiomyocyte ferroptosis (29, 66). Therefore, mitochondrial iron overload is crucial for cardiomyocyte ferroptosis; however, detailed evidence of its role in DCM has never been reported.

The iron-sulfur cluster (ISC) is an ancient and conserved cofactor that is mainly assembled in mitochondria, and the loss of its synthesis leads to iron overload and ferroptosis. Frataxin is a mitochondrial ISC-related protein and an important regulator for ferroptosis (67). Patients with reduced frataxin expression have an increased risk of diabetes mellitus (68) and cardiomyopathy (69). Furthermore, decreased frataxin expression has been found to cause cell ferroptosis in adipose tissue (70) and heart tissue (71).

Mitochondrial ferritin (FtMt) is structurally similar to ferritin-heavy chains but has lower ferroxidase activity. FtMt overexpression can lead to intracellular iron redistribution by transferring iron from the cytoplasm into mitochondria, consequently leading to reduced iron content in the cytoplasm (72, 73). It has been found that FtMt could protect cells from oxidative stress by regulating the mitochondrial labile iron pool and ROS production (73). Mice with a FtMt deficiency are more sensitive to cardiomyocyte damage caused by doxorubicin (74) and fatigue (75), indicating that cardiomyocytes with FtMt deficiency are more prone to injury. FtMt overexpression could inhibit oxidative stress-induced ferroptosis through the inhibition of mitochondrial iron overload and ROS in cardiomyocytes (65). Wang et al. found that the overexpression of FtMt could ameliorate oxidative stress and ferroptosis in osteoblasts caused by high glucose (76). Unfortunately, thus far, there is no data available on the role of FtMt in DCM.

Mitophagy refers to the targeted phagocytosis and destruction of mitochondria by the cellular autophagy apparatus and is considered to be the main mechanism of mitochondrial quality control. Studies on DCM have suggested that decreased mitophagy may lead to the accumulation of abnormal mitochondria, and result in increased intracellular oxidative stress, which triggers the occurrence and development of DCM (77). Improving mitophagy can improve the risk of developing DCM (78). Studies conducted in non-cardiomyocytes have found that activating mitophagy may inhibit ferroptosis. Li et al. found that activating PINK1-Parkin-dependent mitophagy could protect cells from CISD3-induced ferroptosis (79). Therefore, whether reduced mitophagy may trigger ferroptosis in DCM is a promising research topic that needs to be studied.




4 Ferritinophagy and DCM

Ferritin is a cytosolic storage protein complex consisting of ferritin heavy-chain (FTH1) and light-chain (FTL) subunits, responsible for intracellular iron storage (80), and exerts antioxidant effects by isolating redox-active iron. Ferritin can affect cell susceptibility to ferroptosis (81). Ferritinophagy is a selective form of ferritin autophagy degradation whose overactivation induces increased degradation of ferritin which binds to iron, and increased iron release leads to iron overload, leading to cellular ferroptosis. Thus, ferritinophagy plays an important role in the regulation of ferroptosis by regulating intracellular iron balance (82).

Nuclear receptor coactivator 4 (NCOA4) is a selective ferritinophagy cargo receptor that directly recognizes and binds to FTH1 and transports ferritin to autophagosomes for lysosomal degradation and iron release (83). In non-cardiomyocytes, NCOA4 knockdown (84) or inhibition of the NCOA4-FTH1 association (85) was found to inhibit ferroptosis. Cardiac NCOA4 expression was significantly increased while GPX4 expression was decreased in diabetic rats (39) and activated NCOA4-mediated ferroptinophagy and ferroptosis were found in the heart tissue of db/db mice (86). NCOA4 knockdown or inhibition alleviated ferroptosis in a DCM model in vitro (87) and in vivo (86), suggesting that increased ferritinophagy plays an important role in the occurrence of DCM (Figure 1).




5 Hypoglycemic drugs, ferroptosis, and DCM



5.1 Metformin

As a classic hypoglycemic drug, metformin has been previously found to be protective in DCM by alleviating apoptosis (88), improving autophagy, inhibiting pyroptosis (89), and alleviating fibrosis (90). In doxorubicin-induced cardiotoxicity mouse models, metformin treatment inhibited ferroptosis and improved cardiac function by activating AMP-activated protein kinase (AMPK)α2 phosphorylation (13). In the study by Wu et al., metformin alleviated cardiac I/R damage in vivo and in vitro by relieving non-heme iron content and ferroptosis by activating AMPKα and inhibiting nicotinamide adenine dinucleotide phosphate oxidase 4 expression (91). However, thus far, there is no data available on whether metformin may alleviate ferroptosis in DCM.




5.2 Glucagon-like peptide-1 receptor agonists

Glucagon-like peptide-1 receptor agonists (GLP–1RAs) have attracted much attention in recent years for their cardiac protective effects. Studies have found that liraglutide can improve cardiac function in diabetic patients (92) and improve the endoplasmic reticulum stress of cardiomyocytes in diabetic animals (93). In studies of db/db diabetic mice, liraglutide has been found to reduce iron overload in the liver as well as the hippocampus, and reduce ferroptosis (94, 95). In a nationwide register-based study performed by Bain et al., GLP-1RA administration was found to be associated with lower circulating ferritin levels in patients with type 2 diabetes and hemochromatosis (96). Therefore, while alleviating ferroptosis might partly contribute to the cardio-protective effects of GLP-1RAs in DCM, more investigations are warranted.




5.3 Sodium-glucose co-transporter-2 inhibitors

The cardiovascular benefits of sodium-glucose co-transporter-2 (SGLT2) inhibitors have been increasingly documented in recent years. Evidence from in vivo and in vitro studies has indicated that SGLT2 inhibitors, such as empagliflozin and dapagliflozin, can improve DCM by attenuating oxidative stress (97, 98). Empagliflozin exhibited anti-ferroptotic effects in high glucose-treated muscle C2C12 cells by restoring the expression of GPX4 (99) and in diabetic kidney disease models by activating Nrf2 (100). Thus far, only canagliflozin has been found to inhibit ferroptosis in DCM by balancing cardiac iron homeostasis, promoting Xc-/glutathione(GSH)/GPX4 axis (101), and activating the AMPK pathway (102) (Figure 1).




5.4 Dipeptidyl peptidase 4 enzyme inhibitors

The protective effects of dipeptidyl peptidase 4 (DPP-4) inhibitors on the DCM have been emerging in research in recent years. For example, linagliptin improved cardiac function in diabetic mice by inhibiting the NF-κB signaling pathway and relieving the cardiac inflammatory response by targeting the NOD-, lrr-, and pyrin domain-containing protein 3/apoptosis-associated speck-like protein containing a caspase recruitment domain (Nlrp3/ASC) inflammasome (103, 104). Sitagliptin was found to attenuate DCM by attenuating myocardial apoptosis, inflammation, and nitroxidative stress by targeting the liver kinase B1/AMPK/Protein kinase B (LKB-1/AMPK/Akt) and Janus kinase/signal transducers and activators of transcription (JAK/STAT) pathways and promoting cardiomyocyte autophagy separately (105–107). Furthermore, alogliptin could improve mitochondrial function in DCM (108). However, the effect of DPP-4 inhibitors on iron metabolism or ferroptosis has been scarcely investigated. In brain tissue, vildagliptin has been found to reduce iron deposition and inhibit ferroptosis following intracerebral hemorrhage (109). The role of DPP-4 inhibitors on ferroptosis in DCM is an interesting subject that needs to be further explored.




5.5 Thiazolidinediones

Thiazolidinediones (TZDs), a class of peroxisome proliferator-activated receptor gamma (PPARγ) agonist, is the inhibitor of the ferroptosis marker ACSL4 (110), and has been found to prevent ferroptosis in many tissues and models including acute kidney injury (111), a ferroptosis mouse model (112), lung I/R injury (113), and renal fibrosis (114). However, in a diabetic rat model, TZD treatment was found to be detrimental as it caused cardiomyocyte ferroptosis and structural heart disorders (115).

Thus, in addition to their hypoglycemic effects, the effects of these drugs on ferroptosis in DCM need to be further explored (Table 2).

Table 2 | The effects of hypoglycemic drugs on ferroptosis and DCM.


[image: Table comparing the effects of different drugs on diabetic cardiomyopathy (DCM) and ferroptosis. For Metformin (Met), GLP-1RA, SGLT2is, and DPP4-is, there are protective effects against DCM. Each has varying anti-ferroptotic effects in other tissues/models. Direct evidence of ferroptosis in DCM is mostly unavailable, except for SGLT2is, which balance cardiac iron homeostasis. TZDs show no protective effect against DCM but induce ferroptosis in some models, causing cardiomyocyte ferroptosis.]




6 Plant extracts, DCM, and ferroptosis



6.1 Resveratrol

Resveratrol is a non-flavonoid polyphenol mainly found in a variety of fruits and vegetables, including peanuts, grapes, and berries. In recent years, much attention has been paid to the effects of resveratrol due to its antidiabetic and cardiovascular protective properties. Data have indicated that resveratrol, including its natural precursor polydatin, could alleviate DCM by improving mitochondrial function, alleviating oxidative stress, and inhibiting nuclear factor kappa B (NF-κB) activity (116, 117). Resveratrol has been found to inhibit cardiomyocyte ferroptosis in I/R models in vivo and in vitro by decreasing TfR1 while increasing GPX4 and FTH1 expressions, regulating of ubiquity specific peptidase 19 (USP19)-Beclin1 autophagy (118), and targeting the voltage-dependent anion channel 1/glutathione peroxidase 4 (VDAC1/GPX4) pathways (119). Whether its anti-ferroptotic effects exist in DCM needs to be further investigated.




6.2 Flavonoids

Flavonoids are natural plant polyphenolic phytochemicals and are widely found in fruits, nuts, vegetables, flowers, vegetables, and herbs. There is a large amount of evidence from in vitro and in vivo studies that indicates that flavonoids possess iron-chelating and antioxidant abilities (120). Flavonoids could improve DCM mainly through their anti-inflammatory and anti-oxidation effects (121). In recent years, much attention has been paid to the anti-ferroptotic effects of flavonoids (122–124) and studies have indicated that flavonoids could protect against ferroptosis-mediated tissue damage. Therefore, there are strong possibilities that flavonoids could achieve their DCM protective effects by alleviating ferroptosis. However, the existing research mainly focuses on liver and kidney injury, and the evidence for DCM is still lacking.




6.3 Sulforaphane

Sulforaphane is found in cruciferous vegetables and is a natural isothiocyanate compound. An activator of Nrf2, the literature has revealed the effects of sulforaphane on the amelioration of diabetic complications (125, 126) and cardiovascular disease (127). Studies performed in DCM models have shown that sulforaphane could improve cardiac function, cardiac hypertrophy, fibrosis, inflammation, and oxidative damage (38, 128–131). The anti-ferroptotic effects of sulforaphane have been found in diabetic livers (132), cardiac arrest and resuscitation (133), and myocardial I/R models (127). In DCM models, sulforaphane could inhibit cardiomyocyte ferroptosis by upregulating ferritin and SLC7A11 levels via AMPK-mediated Nrf2 activation (38), but more evidence on the effect of sulforaphane on DCM is still needed.




6.4 Curcumin

Curcumin is a polyphenolic compound extracted from the rhizomes of the turmeric plant and exhibits DCM protective effects through its antioxidant (134, 135) and anti-inflammatory (136) properties. Evidence has indicated its favorable effects on osteoarthritis (137), acute kidney injury (138), and cigarette smoke-caused lung epithelial injury (139) by alleviating ferroptosis. Zhang et al. (55) found that curcumin inhibited ferroptosis in cardiomyocytes by promoting the function of Nrf2 and increasing the expression of GPX4 and heme oxygenase-1 in DCM models.




6.5 Berberine

Berberine, an isoquinoline alkaloid isolated from the Chinese herb Coptis chinensis and other Berberis plants, has been found to alleviate DCM by preventing cardiac dysfunction and remodeling (140), being anti-fibrotic (141), interfering with lipidomic profiles (142), and inhibiting pyroptosis (143, 144). However, although a large amount of data has found that berberine could alleviate ferroptosis in many cells and models including islet beta cell loss in T1DM (145), a polycystic ovarian syndrome (PCOS) cell model (146), contrast-induced nephropathy (147), and bone loss induced by nonalcoholic fatty liver disease (148), no data are available on whether these anti-ferroptotic effects also participate in its DCM protective effects.

Therefore, the cardio-protective benefits in DCM of these plant extracts might be partly achieved through their anti-ferroptotic effects, but these still need further investigation (Table 3).

Table 3 | The effects of plant extracts on ferroptosis and DCM.


[image: Table showing plant extracts and their effects on diabetic cardiomyopathy (DCM) and anti-ferroptosis. It lists resveratrol, flavonoids, sulforaphane, curcumin, and berberine, noting DCM protective evidence and effects on other tissues. References indicate varied studies, with sulforaphane and curcumin also linked to anti-ferroptosis in DCM through specific activations.]




7 Ferroptosis inhibitors and DCM

Ferrostatin-1 (Fer-1) and liproxstatin-1 (Lip-1) are ferroptosis inhibitors and achieve their effects by suppressing lipid peroxidation (149). Fer-1 ameliorates cardiac injury caused by lipopolysaccharide (150), H2O2 (150, 151), isoproterenol (152), 5-fluorouracil (153), and doxorubicin (154). Lip-1 has been found to reduce cardiomyocyte ferroptosis induced by heat shock (155), 2,3,7,8-Tetrachlorodibenzo-p-dioxin (156), and I/R injury (138). Furthermore, Fer-1 was found to inhibit cardiomyocyte ferroptosis induced by palmitic acid (40, 102). Both Fer-1 (40) and Lip-1 (38) were found to be effective in inhibiting ferroptosis in DCM (Figure 1).




8 Conclusion and perspectives

As a severe complication of diabetes, the mechanisms underlying DCM’s pathogenesis and relative therapy strategies have drawn attention in recent years. Due to the unique high energy and high iron demand of heart tissue, both energy and iron dyshomeostasis have been found in DCM. Ferroptosis is novel cell death induced by iron overload and iron-dependent lipid peroxidation. In this review, we summarized the evidence on iron metabolism and ferroptosis in DCM, in particular the role of mitochondria in iron metabolism. However, detailed and in-depth evidence of the contribution of ferroptosis in DCM is still lacking. Insulin resistance plays key role in the pathogenesis of DCM; however, thus far, whether insulin resistance could trigger ferroptosis has never been explored in DCM. The causal relationship of mitochondria, the most important organelle for energy metabolism in cardiomyocytes, with iron metabolism and ferroptosis in DCM has been scarcely investigated. In vivo data on the effects of ferroptosis inhibitors on cardiac function is lacking, although they have been found to be protective in DCM models. In addition, some anti-diabetic drugs that are potentially cardio-protective in DCM might possess anti-ferroptotic effects, but this still needs to be confirmed by more direct research, both in vivo and in vitro. Clinical evidence for ferroptosis-related screening and therapy in DCM patients is also lacking. Therefore, the existing evidence on the role of ferroptosis in DCM is the tip of the iceberg, as more studies on the detailed mechanisms underlying the role of ferroptosis and regulation pathways in DCM are warranted. Targeting ferroptosis might provide more perspectives for DCM therapy but this still needs to be further explored.
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Background

Research on the association between blood glucose-related biomarkers and mortality has gained increasing attention. However, the association of hemoglobin glycation index (HGI) with all-cause and cardio-cerebrovascular mortality among people with metabolic syndrome has never been investigated. The objective of this study was to examine the association through a cohort study of the American population.





Methods

In this study, 8,267 participants were included. We utilized multivariable Cox regression analyses to explore the relationship between HGI and outcomes. The dose-response relationship between HGI and mortality was explored with restricted cubic splines. Recursive algorithms and segmented linear regression models were used to calculate the inflection points and assess the effect relationships before and after the inflection points.





Results

In the model adjusting for all covariates, our analysis did not reveal a statistically significant association between HGI and mortality. Intriguingly, subsequent explorations of non-linear relationships unearthed a U-shaped correlation between HGI and both all-cause mortality and cardio-cerebrovascular mortality among American adults with metabolic syndrome. Before and after the inflection point, the HRs (95%CIs) for the association between HGI and all-cause mortality were 0.72 (0.63, 0.82) and 1.30 (1.17, 1.44), respectively. For cardio-cerebrovascular mortality, similar opposite relationships were found. The metabolic syndrome population with HGI levels at T2 had a lower rate of mortality.





Conclusion

This cohort study of the American metabolic syndrome population highlighted a U-shaped association of HGI with all-cause and cardio-cerebrovascular mortality.
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1 Introduction

In the current field of medical research, the widespread impact of metabolic syndrome has emerged as a significant public health issue (1). Metabolic syndrome comprises a cluster of risk factors including hypertension, high blood glucose, abnormal cholesterol levels, and abdominal obesity, which significantly increase the risk of heart disease, diabetes, stroke, and other health problems (2, 3). According to the World Health Organization, metabolic syndrome affects approximately 25% of the global adult population and is one of the primary drivers of cardiovascular diseases and early mortality (4). While existing research has covered its risk factors and consequences, accurately predicting its associated mortality risks from a biomarker perspective remains an urgent research topic.

The hemoglobin glycation index (HGI) is a novel biomarker that has gained attention in the field of metabolic disease in recent years (5). It assesses the extent of excess glycation of hemoglobin by comparing an individual’s actual glycated hemoglobin (HbA1c) level with the expected level based on their average blood glucose level (6, 7). A high HGI indicates that a person’s hemoglobin glycation exceeds what would be predicted from their average blood glucose levels, suggesting a more severe disturbance in glucose metabolism within the body. Abnormalities in glucose metabolism are closely associated with the development and prognosis of vascular disease (8, 9). Prolonged hyperglycemia can lead to vascular endothelial cell damage and promote the formation of atherosclerosis, thus increasing the risk of cardio-cerebrovascular diseases (10). Research indicates that HGI is significantly associated with microvascular complications and cardiovascular disease risk in diabetic patients (11, 12). Given the strong correlation between diabetes and metabolic syndrome, it is hypothesized that HGI may be able to serve as an independent biomarker for predicting cardio-cerebrovascular mortality in patients with metabolic syndrome.

Currently, the application of the HGI in diabetes management is gradually gaining recognition, yet its role and significance in patients with metabolic syndrome have not been thoroughly researched. Particularly, there is a relative scarcity of studies concerning the relationship between HGI and the risks of cardio-cerebrovascular and all-cause mortality in patients with metabolic syndrome. Early research, focused on diabetic populations, has found that individuals with high HGI are more prone to cardio-cerebrovascular complications (13). Given the complexity of metabolic syndrome and its strong association with various mortality risks, exploring the relationship between HGI and these risks could not only enhance our understanding of the pathophysiology of metabolic syndrome but might also help clinicians more accurately assess and manage health risks in clinical practice. Therefore, this study utilized data from the National Health and Nutrition Examination Survey (NHANES) (1999–2018) to investigate the association between the HGI and the risks of all-cause and cardio-cerebrovascular mortality in population with metabolic syndrome. Through this study, we hope to provide new insights into clinical practice, facilitate the development of public health interventions, and ultimately reduce the risk of mortality in patients with metabolic syndrome.




2 Methods



2.1 Study population

The current study utilized data derived from the NHANES, a comprehensive cross-sectional survey undertaken under the auspices of the Centers for Disease Control and Prevention in the United States. This survey systematically collects health and nutrition-related data from a representative sample of American adults and children. The protocol for this survey was ethically approved by the Research Ethics Review Board of the National Center for Health Statistics, and informed consent was obtained in writing from all participants.

Our analysis incorporated two decades of adult data from NHANES (1999–2018). Metabolic syndrome in the adult population was delineated according to the NCEP ATP III-2005 benchmarks (3 or more criteria from the following 5 criteria) (14, 15). The criteria comprised (1): a threshold waist circumference (WC) of 102 cm or more for males and 88 cm or more for females (2); systolic/diastolic blood pressure equal to or exceeding 130/85 mmHg, or pharmacological intervention for previously diagnosed hypertension (3); HDL cholesterol concentrations less than 40 mg/dL in males and 50 mg/dL in females (4); triglyceride levels at or above 150 mg/dL, or the utilization of triglyceride-lowering medications; and (5) fasting glucose concentration of 100 mg/L or higher, or employment of insulin or other antihyperglycemic agents. The study cohort was refined by excluding individuals younger than 18 years old, participants who did not have metabolic syndrome, those with missing HGI data, and those lacking complete mortality data, resulting in a final sample of 8,267 individuals (Figure 1).

[image: Flowchart showing participant selection from NHANES 1999-2018 with an initial count of one hundred one thousand three hundred sixteen. Forty-two thousand one hundred twelve under eighteen excluded, leaving fifty-nine thousand two hundred four adults. Forty-three thousand one hundred three without metabolic syndrome excluded, resulting in sixteen thousand one hundred one. Seven thousand seven hundred eighty-six excluded for missing HGI data. Remaining eight thousand three hundred fifteen analyzed, with forty-eight missing mortality data, resulting in a final analysis count of eight thousand two hundred sixty-seven.]
Figure 1 | Flow chart of sample inclusion and exclusion in current study.




2.2 Measurement of hemoglobin glycation index

The HGI essentially measured the deviation of an individual’s HbA1c from what would be predicted based on their fasting blood glucose (FBG) level (16). This index was calculated through the formula: HGI = measured HbA1c- predicted HbA1c. The predicted HbA1c is determined by inserting individual FBG levels into a linear regression equation, defined as “Predicted HbA1c = 0.02 × FBG (mg/dL) + 3.04”(Figure 2). The data for HbA1c and fasting plasma glucose were derived from biochemical tests. Currently, there is no defined threshold criterion for HGI, so we categorized it into three groups based on the tertiles of its distribution.

[image: Scatter plot showing the linear correlation between Fasting Blood Glucose (FBG) in millimoles per liter and Hemoglobin A1c (HbA1c) percentage. A red trend line represents the equation \( y = 3.04 + 0.02x \) with an R-squared value of 0.69. Data points are scattered around the trend line.]
Figure 2 | Linear correlation between FBG and HbA1c.




2.3 Ascertainment of mortality

The study obtained data on all-cause and cardio-cerebrovascular mortality from the National Death Index (NDI), a centralized repository managed by the National Center for Health Statistics that compiles mortality records from across the United States. For this analysis, we utilized the publicly available NHANES-linked mortality file updated as of December 31, 2019, accessible via https://www.cdc.gov/nchs/datalinkage/mortality-public.htm. This file links NHANES participants to NDI records using a sophisticated probabilistic matching algorithm, thereby facilitating accurate ascertainment of mortality status. The definition of mortality causes was on the basis of the International Statistical Classification of Diseases and Related Health Problems, 10th Revision (ICD-10) codes. Specifically, cardio-cerebrovascular mortality was identified through ICD-10 codes corresponding to heart diseases (100–109, 111, 113, 120–151) and cerebrovascular diseases (160–169) (17).




2.4 Assessment of covariates

Informed by previous research (18, 19), our study incorporated a diverse array of confounders related to mortality and HGI, encompassing demographic data (age, gender, race/ethnicity, educational level, marital status, and income-to-poverty ratio), lifestyle habits (smoking status, drinking status, and vigorous recreational activities), chronic disease states (hypertension, hyperlipidemia, diabetes, CVD, CKD, and stroke), medication use (anti-hypertensives, anti-diabetics, and anti-hyperlipidemic drugs), and physical and biochemical measurements (body mass index, WC, fasting triglycerides, uric acid, fasting total cholesterol, and C-reactive protein). This comprehensive approach was employed to ensure a nuanced analysis of the relationship between HGI and mortality, taking into account a wide spectrum of potential influencing factors.




2.5 Statistical analysis

To represent the general population of the United States, the NHANES employed a stratified, multi-stage probability design. Consequently, we applied weighting in our analysis to adjust for non-randomness in the sample and ensure the broad applicability of the results. The division of study subjects into three groups was based on the HGI tertiles. In describing the baseline characteristics of the population, the representation of continuous variables was in the form of mean values with standard error, whereas categorical variables were depicted as percentages with standard error. To compare the differences among the three groups, one-way ANOVA tests were used for continuous variables, and chi-square tests for categorical variables.

To mitigate the impact of confounding factors on the results, we constructed multivariable Cox proportional hazards regression models. Model 1 did not adjust for any covariates to present the original association. Model 2 adjusted for age, gender, and race, and Model 3 adjusted for all included covariates to control for possible confounding effects, providing a more accurate estimate of the relationship between HGI and risk of mortality. The results were presented as hazard ratios (HRs) and 95% confidence intervals (CIs). To explore the stability of our findings, we conducted linear trend tests across HGI categories to assess whether the results changed linearly as HGI increased. The dose-response association between HGI and mortality was examined using restricted cubic splines with covariate adjustments. Non-linearity was tested using a likelihood ratio test. Upon detecting non-linearity, a recursive algorithm was used to calculate the inflection point, and segmented linear regression models were established to assess the effect relationship before and after the inflection point. Moreover, the Kaplan-Meier (KM) survival analysis was conducted to measure trends in the risk of mortality at different levels of HGI. All analyses were performed using R (version 4.2.1) and Empower Statistics software. A two-tailed P-value <0.05 was considered statistically significant.





3 Results



3.1 Baseline characteristics

The characteristic information of the population was displayed in Table 1, categorized by the HGI (T1: < 0.31, n=2756; T2: 0.31-0.70, n=2771; T3: >0.70, n=2740). A total of 8,267 participants were included in this study. The average age was 54.29 (standard error 0.26) years, with males constituting 51.80% and females 48.20%. The racial composition was 71.91% White and 9.05% Black, with 66.60% of participants having an above-high school education level. Compared to other groups, individuals in the highest HGI category (T3) were more likely to be older, have a lower educational level, higher risks of CVD, CKD, and stroke, more frequent use of anti-hypertensive, anti-hyperlipidemic, and anti-diabetic medications, higher body mass index and WC. In biochemical examinations, they had higher levels of HbA1c and C-reactive protein. Furthermore, they exhibited a higher probability of all-cause and cardio-cerebrovascular mortality.

Table 1 | Baseline characteristics according to HGI category.


[image: A data table compares demographic and health variables across three tertiles (T1, T2, T3) of 8267 participants. Categories include age, gender, race/ethnicity, education, marital status, smoking, and drinking status. Health indicators like hyperlipidemia, hypertension, diabetes, CKD, CVD, and stroke are listed alongside medication use, mortality rates, and measurements like BMI, waist circumference, and various blood metrics. Each variable's mean or percentage is shown per tertile with corresponding p-values, indicating statistical significance.]



3.2 Association between hemoglobin glycation index and mortality in metabolic syndrome participants

Table 2 presents the dose-response association between HGI and mortality in people with metabolic syndrome. After all covariates being adjusted, we found no significant association between HGI and both all-cause mortality and cardio-cerebrovascular mortality, with HRs (95%CIs) of 0.99 (0.90, 1.09) and 11.12(0.93, 1.34), respectively. When exploring the relationship across tertiles of HGI, compared to T1, the HRs (95% CIs) for T2, and T3 were 0.86 (0.75, 0.98) and 0.94(0.81,1.10) for all-cause mortality. For cardio-cerebrovascular mortality, with T1 as the reference, the HRs (95% CIs) for T2, and T3 were 0.93(0.74, 1.17) and 1.01(0.78, 1.30). These results suggested a potential non-linear relationship between HGI and both all-cause and cardio-cerebrovascular mortality.

Table 2 | Association between hemoglobin glycation index and mortality in metabolic syndrome participants.


[image: Table displaying hazard ratios (HR) with 95% confidence intervals (CI) for all-cause and cardio-cerebrovascular mortality across three models. Model 1 shows HR for HGI as 1.37 and 1.57, Model 2 shows 1.20 and 1.44, and Model 3 shows 0.99 and 1.12. HGI categories T1 have values of 1.0, T2's range from 0.87 to 1.17, T3's from 0.94 to 2.02. Model descriptions: 1 with no adjustments, 2 adjusted for age, gender, race, and 3 for additional factors like education, BMI, and diabetes.]
Restricted cubic splines were utilized to validate this non-linear relationship. The results indicated a U-shaped association between HGI and all-cause mortality (inflection points at 0.83) and cardio-cerebrovascular mortality (inflection points at 0.92) (Figures 3A, B, Table 3). Moreover, we employed segmented linear regression models to calculate the effect relationships before and after the inflection points. For all-cause mortality, the HRs (95% CIs) before and after the inflection point were 0.72 (0.63, 0.82) and 1.30 (1.17, 1.44), respectively (Table 3). In cardio-cerebrovascular mortality, the HRs (95% CIs) before and after the inflection point were 0.83 (0.67, 1.04) and 1.47 (1.01, 2.15), respectively (Table 3).

[image: Graphs A and B depict the relationship between hemoglobin glycation index and mortality rates. Graph A shows all-cause mortality, and Graph B shows cardio-cerebrovascular mortality. Both graphs feature a red estimation line with 95% confidence intervals shaded. Mortality rates first decrease then sharply rise with higher glycation index values. Significance levels are P < 0.001 for both overall and non-linear trends.]
Figure 3 | Association between hemoglobin glycation index and mortality among people with metabolic syndrome. [(A) all-cause mortality; (B) cardio-cerebrovascular mortality]. Age, gender, race, education level, income-to-poverty ratio, marital status, smoking status, drinking status, vigorous recreational activity, BMI, waist circumference, stroke, CKD, CVD, hyperlipidemia, hypertension, diabetes, anti-hypertensive drug, anti-hyperlipidemic drug, anti-diabetic drug, FBG, FTG, HbA1c, uric acid, FTC, and CRP were adjusted.

Table 3 | Threshold effect analysis of hemoglobin glycation index on mortality in metabolic syndrome participants using a two-piecewise linear regression model.


[image: Table showing hazard ratios (HR) for all-cause and cardio-cerebrovascular mortality. For all-cause mortality, standard linear model HR is 0.99 with p-value 0.89. Two-piecewise model has an inflection point at 0.83, HR below 0.83 is 0.72 (p-value 0.0023), above 0.83 is 1.30 (p-value <0.0001), log-likelihood ratio <0.001. For cardio-cerebrovascular mortality, standard model HR is 1.12 (p-value 0.25). Two-piecewise model inflection at 0.92, HR below 0.92 is 0.83 (p-value 0.1044), above 0.92 is 1.47 (p-value 0.0455), log-likelihood ratio 0.014. Adjusted for various factors listed below the table.]



3.3 Kaplan–Meier survival analysis

During a median follow-up period of 7.6 years (IQR, 3.9–11.6 years), 1779 deaths from all causes were recorded, with 606 attributable to cardio-cerebrovascular events. Figure 4 illustrates the survival probability across different HGI categories. The mortality rates in these groups differed significantly among the overall population (Figures 4A, B). The metabolic syndrome population with HGI levels at T2 had a lower rate of all-cause mortality than the other two groups, and the same result was observed for cardio-cerebrovascular mortality.

[image: Two Kaplan-Meier survival curves labeled A and B. Both graphs plot survival probability against time for groups one (blue), two (red), and three (green). Group three shows the lowest survival probability over time in both graphs. A p-value of less than 0.001 indicates statistical significance.]
Figure 4 | Kaplan–Meier survival analysis curves for mortality. [(A) all-cause mortality; (B) cardio-cerebrovascular mortality].





4 Discussion

The association of HGI with all-cause mortality and cardio-cerebrovascular mortality in participants with metabolic syndrome was explored in this 20-year longitudinal cohort study of American adults. In the model adjusted for all covariates, no statistically significant association was found. Further analysis of linear trends suggested that the association between HGI and mortality in the metabolic syndrome population might be non-linear. Utilizing restricted cubic splines, we identified a U-shaped relationship, which might explain the lack of overall statistical significance in our findings. Compared to individuals with an HGI lower than 0.83, those with an HGI higher than 0.83 had a 58% increased risk of all-cause mortality. For cardio-cerebrovascular mortality, the risk escalated by 47% when HGI exceeded 0.92.

The KM survival analysis revealed that the population with HGI levels at T2 had the lowest risk of mortality.

In this study, both high and low HGI levels were found to be associated with an increased risk of mortality, suggesting that HGI may serve as an important clinical marker for assessing the risk of mortality in patients with metabolic syndrome. In clinical practice, this association may indicate that healthcare professionals need to pay attention to individual HGI levels when managing patients with metabolic syndrome and optimize glycemic control strategies through the development of individualized interventions, thereby effectively reducing the risk of mortality. In addition, through regular monitoring of HGI, clinicians can identify potentially high-risk metabolic syndrome patients for timely intervention to improve their long-term prognosis and provide a new basis for comprehensive treatment strategies for metabolic syndrome.

This study is the first to explore the relationship between HGI and mortality in metabolic syndrome population. Previous studies on the relationship between HGI and mortality have mostly focused on diabetes, with inconsistent results. In the AleCardio trial, elevated HGI levels correlated with heightened incidences of all-cause and cardiovascular mortality (20). Similarly, research by Sigrid et al. found that an increase in HGI was positively associated with total mortality (21). However, in the Action to Control Cardiovascular Risk in Diabetes trial, only high HGI levels were linked to all-cause mortality in diabetic adults (22). Additionally, a meta-analysis revealed a significant association between increasing HGI levels and higher rates of CVD and all-cause mortality, primarily mediated by HbA1c levels (23). Notably, a cohort study from the Netherlands in type 2 diabetic populations showed no significant relationship between HGI and total or cardiovascular mortality after adjusting for all confounding factors (24). A Chinese research demonstrated a U-shaped association between HGI and stroke, but no significant association with post-stroke mortality (25). Interestingly, in a small cohort study of individuals with coronary heart disease and diabetes, both low and high levels of HGI were found to be connected with increased mortality risk (26).

The underlying mechanisms for the U-shaped relationship between HGI and mortality risk are not fully elucidated but may involve several pathways. Low HGI might reflect a reduced rate of HbA1c, leading to prolonged hemoglobin lifespan, thereby increasing its oxidative degree and blood viscosity. This could elevate the risk of cardiovascular thrombus formation (26). On the other hand, high HGI’s mechanism in increasing all-cause and cardio-cerebrovascular mortality risk might be related to increased production of advanced glycation end-products (AGEs). AGEs, known to cause metabolic disturbances and endothelial dysfunction, have been shown to increase with higher HGI (27). Felipe et al. reported a positive correlation between HGI and AGEs in diabetic patients, possibly due to HGI enhancing the rate or process of glycation (28). Increased AGE production can lead to changes in the structure and function of vascular endothelial cells through cross-linking with extracellular proteins, resulting in reduced elasticity and increased stiffness of blood vessels. Moreover, the binding of AGEs to their receptors on endothelial cell surfaces can promote the production of pro-inflammatory factors and reactive oxygen species, inducing apoptosis of vascular smooth muscle cells (29). Additionally, AGEs contribute to the entrapment of LDL particles in the arterial walls by promoting protein cross-linking and reducing hepatic LDL clearance, thereby accelerating the development of atherosclerosis (30). Another potential mechanism involves chronic inflammation. In our study, individuals with high HGI levels often had elevated C-reactive protein levels. Previous reports have indicated a positive correlation between HGI and inflammatory markers, including neutrophils, monocytes, and C-reactive protein (31). Thus, chronic inflammation may also play a significant role in the impact of HGI on mortality. Inflammatory mediators, such as cytokines and chemokines, can alter vascular endothelial function, leading to endothelial dysfunction, reduced vasodilatory capacity, and consequently increasing the risk and poor prognosis of cardiovascular events (17, 32).

This study leverages two decades of follow-up data from NHANES to explore the relationship between HGI and mortality in individuals with metabolic syndrome, and it possesses several notable strengths. First, the comprehensiveness of the NHANES database, encompassing a diverse array of demographic characteristics such as age, gender, and race, through stringent sampling methods, enhanced the representativeness of our findings. This breadth ensured that our results more accurately reflected the overall population dynamics and trends, thereby yielding conclusions with broader applicability to the general public. Second, the large sample size intrinsic to this study served to minimize error margins, thereby bolstering the precision and statistical robustness of our findings. This aspect was crucial for the accurate analysis and interpretation of results, enhancing the scientific integrity and credibility of the study and lending greater persuasive power to its conclusions. Third, to the best of our knowledge, this research represented the longest-duration cohort study to date exploring the relationship between HGI and mortality among metabolic syndrome adults. The extended follow-up period allowed for a comprehensive assessment of the long-term impacts of specific factors on health outcomes. It provided insight into the cumulative effects of these variables over time and enriched our understanding of their prolonged influence on health. This extended observation period might offer valuable evidence for policymakers, facilitating the development of more targeted and scientifically grounded public health strategies and interventions. Fourthly, the richness of the NHANES database, with its extensive array of modifiable factors including lifestyle habits, health status, disease diagnoses, and medication usage, was a significant asset to our analysis. This comprehensive database enabled precise adjustments to be made, meticulously accounting for potential confounders. Such thorough consideration of these variables substantially enhanced the reliability and accuracy of our findings, ensuring they meet the rigorous standards expected in epidemiological research.

This study has several limitations that warrant mention. Firstly, as NHANES is an observational study, despite having long-term follow-up data, it still limited the determination of causal relationships. Secondly, the NHANES data is representative of the American population. Given the varying incidence rates of metabolic syndrome across countries, the applicability of our findings to other nations and regions remained uncertain. Lastly, while the NHANES database has comprehensively collected a variety of factors, the collection of some specific factors may not be thorough or detailed enough. This limited the consideration of these variables in the exclusion of confounding factors.




5 Conclusion

In this study focusing on adults with metabolic syndrome in the United States, we discovered a non-linear association of HGI with all-cause and cardio-cerebrovascular mortality. Both high and low levels of HGI were associated with an increased risk of mortality. Therefore, appropriate management of HGI levels may help in reducing the risk of death in the metabolic syndrome population. Moreover, further randomized controlled trials and cohort studies with larger samples need to be conducted to validate the stability of the findings.
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Objective

For a long time, the dispute about whether improved glycemic control can bring significant benefits has remained unresolved. We aimed to investigate the association of time spent in different fasting glucose target ranges with cardiovascular risk and all-cause mortality in a population with type 2 diabetes (T2DM).





Method

A total of 3460 T2DM patients in the Kailuan cohort were included in this study. The Time in Target Range (TITRE) was calculated as the proportion of time that fasting blood glucose (FBG) was within the usual glycemic control range and the intensive glycemic control range between 2006 and 2016. The Cox proportional hazards regression model analyzed the relationship between TITRE, defined by different glucose ranges, and cardiovascular disease and all-cause mortality.





Results

During a median follow-up of 4.23 years, a total of 360 CVDs and 238 deaths were recorded. After correcting for traditional risk factors, we observed that in the conventional blood glucose control group, each increase of 1 standard deviation in TITRE was associated with a 23% (HR, 0.77; 95%CI, 0.68-0.87) reduction in CVD risk and a 20% reduction in all-cause mortality (HR, 0.80; 95%CI, 0.69-0.92). Similar results were also observed in the intensified blood glucose control group. In the conventional blood glucose control group, participants with TITRE of 50% or more had an absolute incidence rate of CVD of 16.77%, whereas in the intensified blood glucose control group, participants with TITRE of 50% or more had an absolute incidence rate of CVD of 11.82%.





Conclusions

In patients with type 2 diabetes, achieving near-normal blood glucose levels appears to significantly reduce the risk of diabetes-related cardiovascular outcomes.
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Introduction

Elevated fasting blood glucose (FBG) levels increase the risk of cardiovascular diseases (CVD) (1), significantly contributing to the global burden of CVD and mortality. Intensive glycemic control has been a primary strategy in managing type 2 diabetes mellitus (T2DM), aiming to reduce the risk of diabetes-related complications by strictly regulating blood glucose levels. However, the controversy over the significant benefits of intensive glycemic control remains unresolved (2).

Early clinical studies indicated that intensive glycemic control did not significantly reduce the incidence of macrovascular complications in T2DM patients and might even be associated with an increased risk of adverse events (3). The 6-year follow-up results of the ADVANCE study, presented at the 2014 EASD Annual Meeting, further explored the “legacy effect” of intensive glycemic control, showing that this effect diminishes during extended follow-up (4). In contrast, the recent UKPDS 91 study, which included a 10-year follow-up of 3277 surviving participants, confirmed the enduring benefits of intensive glycemic control (5). This phenomenon has prompted a reevaluation of intensive glycemic control strategies.

Traditional management of FBG involves controlling FBG levels within a specified target range at a single time point, without accounting for FBG fluctuations over time. Recently, glucose target time (TITRE) (6, 7), derived from multiple FBG measurements, has emerged as a measure associated with the risk of adverse outcomes in diabetes. Therefore, our objective was to assess the relationship between glucose target time and adverse cardiovascular outcomes and all-cause mortality among individuals with varying degrees of glycemic control.





Methods




Study population

Since 2006, all employees and retirees of Kailuan Group have undergone biennial physical examinations conducted by Kailuan General Hospital and its affiliated medical facilities. To date, seven rounds of comprehensive health assessments have been completed.

This study included 9489 subjects who were diagnosed with diabetes or had a history of diabetes in 2006 and actively participated in health examinations from 2006 to 2016. The time difference between health check-ups in 2006 and 2016 is considered the window period. Subjects were subsequently excluded from the analysis if any of the following criteria applied: (1) Lost to follow-up more than twice between 2006 and 2016 (n=5398); (2) Patients with prior diagnosis of CVDs or new-onset CVD between 2006 and 2016 (n=526); (3) Data were missing of the FBG (n=105). Therefore, 3,460 subjects were deemed eligible for the analysis. The detailed process is shown in Figure 1.

[image: Flowchart depicting participant selection for a study. Starting with 9,489 individuals diagnosed with diabetes in 2006, 5,398 were lost to follow-up, and 105 had missing fasting blood glucose data. Additionally, 526 had cardiovascular disease diagnosis. The final study included 3,460 subjects.]
Figure 1 | Flow chart of inclusion and exclusion.

This study adheres to the principles of the Helsinki Declaration and has received approval from the Ethics Committee of Kailuan General Hospital (Approval Number: 2006-05). All participants agreed to take part in the study and provided informed written consent.





Fasting glucose measurement and definition of TITRE

FBG was measured using the hexokinase/glucose-6-phosphate dehydrogenase method (Mind Bioengineering Co Ltd, Shanghai, China) with an upper detection limit of 30.07 mmol/L (8). Five milliliters of fasting cubital venous blood were collected from each participant at 7:00-9:00 a.m. on the same day. Fasting blood glucose was measured by a Hitachi 7600 automatic biochemical analyzer within 4 hours. According to the guideline, the traditional control range of FBG was defined as 4.4mmol/L<FBG<7.0mmol/L (9). The intensive FBG control range was 3.9mmol/L<FBG<6.1mmol/L. The TITRE was calculated by the ratio of the time that the FBG was in the target range during the window period to the total time in the window period. cv-FBG was calculated using FBG data from the window period. FBG variability was calculated using the coefficient of variation as follows: [image: CV equals SD divided by X, multiplied by one hundred percent.] SD is the standard deviation of the FBG values of the subjects and [image: It seems like there was a mistake in providing the image. Please upload the image file or provide a link so I can create the alternate text for you.] is their mean-FBG.





Assessment of covariates

Information on age, sex, smoking status, alcohol use status, education, medical history, and medication use was ascertained by standardized questionnaires. Physical examinations, including measurements of height, weight, and blood pressure, were conducted by trained nurses. Body mass index (BMI) was calculated as weight (kg) divided by height squared (m2). High-density lipoprotein cholesterol (HDL-C) and Low-density lipoprotein cholesterol (LDL-C) were measured by enzyme colorimetry. Serum creatinine (Scr) was measured using the sarcosine oxidase method, and the estimated glomerular filtration rate (eGFR) was calculated using Scr, which was calculated using the CKD Epidemiology Collaboration (CKD-EPI) equation (10).

Diabetes was defined as FBG ≥ 7.0 mmol/L or history of diabetes or use of antidiabetic drugs (11, 12). Hypertension was defined as systolic blood pressure (SBP) ≥ 140 mmHg and/or diastolic blood pressure (DBP) ≥ 90 mmHg, use of antihypertensive medications, or a self-reported history of hypertension (13).





Outcome events and follow-up time

The primary outcomes of this study were the first occurrence of cardiovascular disease (CVD) and all-cause mortality. Data on annual CVD events were obtained from the Kailuan Social Security Information System, with trained medical personnel responsible for recording events at designated hospitals. Specialist physicians confirmed all diagnoses based on hospital medical records. The definition of myocardial infarction (MI) followed the criteria from the World Health Organization’s “Multinational Monitoring of Trends and Determinants in Cardiovascular Disease (MONICA)” project, based on clinical symptoms, dynamic changes in cardiac enzyme and biomarker levels, and electrocardiogram (ECG) results [38]. Heart failure (HF) was diagnosed according to the European Society of Cardiology (ESC) guidelines. Stroke was defined based on clinical symptoms and confirmed by computed tomography (CT), magnetic resonance imaging (MRI), or other diagnostic reports [39].

Cardiovascular disease diagnosis data were sourced from the city’s social insurance agency and hospital discharge records, updated annually during the follow-up period. These records covered all participants in the Kailuan study. A specialized team reviewed discharge records from Kailuan General Hospital and its 11 affiliated hospitals each year to identify suspected cardiovascular disease cases. All-cause mortality data were collected from the Provincial Vital Statistics Office and verified by physicians.

The follow-up began in 2016, and it ended upon the occurrence of the first CVD event. In cases where multiple CVD events occurred, the time of the first event was recorded as the endpoint. If no CVD event occurred but death was reported, the follow-up was considered complete at the time of death. For participants who experienced neither a CVD event nor death, the follow-up continued until December 31, 2021.





Statistical analysis

The observation subjects were divided into 3 groups according to the TITRE (0%, <50%,≥50%). Normality test for quantitative variables (see Supplementary Figure A). Measurement data by normal distribution were expressed as ([image: Please upload the image or provide the URL, and I can help create the alt text for it.]  ± S), and a one-way analysis of variance was used for comparison among multiple groups. Measurement data not in line with normal distribution were expressed as median (P25, P75), and the Kruskal-Wallis tests were used to compare various groups. Count data were expressed as the number of cases and percentage, and comparison between groups was analyzed using the chi-square test. Standard deviation (SD) and P for trend were used to estimate the trends in the risk of CVDs and all-cause mortality. Restricted cubic spline curves explored the dose-response relationship of TITRE across different glycemic control ranges at the 30th, 60th, and 90th percentiles of the TITRE distribution.

The linear interpolation method was used to estimate TITRE (14). Cox proportional regression models were used to estimate crude hazard ratios (HRs). They adjusted 95% confidence intervals (CIs) for each 1-SD increase in TITRE for the two different target ranges and cardiovascular outcomes, as well as all-cause mortality. The model was adjusted for age, sex, education level, smoking status, drinking status, physical activity, history of hypertension, dyslipidemia, antihypertensive medication, antidiabetic medication, BMI, SBP, and eGFR. The proportional hazards assumption in the Cox model was tested using the Schoenfeld residual test. All scaling assumptions were generally appropriate.

In addition, we investigated the association of each 1-SD increase in TITRE with CVD subtypes separately. HF and MI were combined as a single category for analysis due to the small number of events. In the stratification analysis, multiplicative interaction terms were used to assess the interaction between the randomization arm and the association of TITRE with CVDs and deaths. The random variables included age (>65 years or ≤65 years), sex (male or female), eGFR at baseline (< 90 mL/min/1.73 m2 or ≥ 90 mL/min/1.73 m2), BMI at baseline (<25kg/m2 or ≥25kg/m2) and hypertension (yes or no). Finally, we also considered the average blood glucose (mean-FBG) and cv-FBG about TITRE with CVD and all-cause mortality. Pearson correlation analysis assessed the association between these factors and TITRE.

Multiple studies have demonstrated that diabetic patients are often accompanied by elevated levels of CRP, a marker of chronic low-grade inflammation (15, 16), which may serve as an important driver of CVD (17). Therefore, in the sensitivity analysis, generalized estimating equations (GEE) (18) were used to quantify the association between TITRE and repeated measurements of CRP. As CRP does not follow a normal distribution, it was log-transformed for analysis. The purpose of this analysis was to assess the robustness of the primary findings.

All statistical analyses above were performed using SAS 9.4 and Stata 16 software. A two-sided P value<0.05 was considered statistically significant.






Result




Baseline characteristics of the subjects

A total of 3,460 participants were enrolled in the analysis, the mean age was 52.39 ± 9.09 years, and 2,726 (78.8%) were men. Among them, 80% of the subjects had participated in five or more health checkups. The basic characteristics after grouping the TITRE according to different ranges of glycemic control are shown in Tables 1, 2. Regardless of the glycemic range, individuals with higher TITRE were younger, had a lower proportion of smokers, were less likely to have hypertension, and had lower levels of BMI and LDL.

Table 1 | Characteristics according to tertiles of TITRE*.


[image: Table comparing health characteristics across three tertiles with total numbers. Includes age, gender distribution, smoking, drinking, salt intake, education, exercise, fasting blood glucose (FBG), body mass index (BMI), estimated glomerular filtration rate (eGFR), and levels of HDL-C, LDL-C. Also shows hypertension, antihypertensive, and antidiabetic medication usage. P values indicate statistical significance for each characteristic across tertiles.]
Table 2 | Characteristics according to tertiles of TITRE*.


[image: Table comparing characteristics across three tertiles with variables like age, smoking, drinking, salt intake, exercise, and health metrics. Significant differences in age, FBG, BMI, HDL-C, LDL-C, and hypertension across tertiles with associated p-values.]




Association of TITRE with outcomes

During a median follow-up of 4.23 years, 360 CVD events and 238 deaths were recorded. Higher TITRE was associated with a decreased cumulative risk of cardiovascular outcomes and all-cause mortality (log-rank test, P < 0.05, Figure 2).

[image: Four Kaplan-Meier curves compare cumulative incidence rates. Graph (a) shows the incidence of cardiovascular disease (CVD) over six years for three groups, T1, T2, and T3, with T1 highest. Graph (b) illustrates a similar comparison for another dataset. Graph (c) compares cumulative incidence of death over five years, showing T1 highest. Graph (d) presents a similar death comparison for a different dataset. Logrank p-values indicate statistical significance in all graphs.]
Figure 2 | (A, C) depict the K-M survival curves focusing on the relationship between TITRE of the traditional group and the observed outcomes; (B, D) in order to strengthen group. T1: TITRE=0%; T2: 0%<TITRE<50%; T3: TITRE≥50%.

In the traditional group, the incidence of CVD and all-cause mortality for individuals with TITRE >50% were 16.77 and 11.62 per 1000 person-years, respectively. In the intensified group, the incidence of CVD and all-cause mortality were 11.82 and 10.64 per 1000 person-years, respectively. After adjusting for potential confounding factors, the negative association between TITRE and the risks of CVD and all-cause mortality persisted in both groups. In the traditional group, each 1 SD increase in TITRE was associated with a 23% reduction in the risk of CVD (HR, 0.77; 95% CI, 0.70-0.85; P for trend < 0.0001, Table 3) and a 20% reduction in the risk of all-cause mortality (HR, 0.80; 95% CI, 0.73-0.93; P for trend < 0.0001). Similar trends were observed in the intensified group, with an even stronger inverse association noted for cardiovascular disease, as illustrated in Figure 3. This association persisted despite further adjustment for cv-FBG in the model. However, it disappeared after correction for mean-FBG. The results of the Pearson correlation test showed a strong negative correlation between the average value of FBG and TITRE (R = -0.76; R = -0.69 in the intensive control group).

Table 3 | Adjusted hazard ratios for the association of a 1 SD increase in TITRE with cardiovascular outcomes and all-cause mortality.


[image: Table displaying hazard ratios (HR) and confidence intervals (CI) for cardiovascular disease (CVD) and all-cause mortality, under different models. Two sections compare conventional and intensive blood glucose ranges. Each section lists HR, CI, and p-values for four models adjusting for various factors such as age, sex, education, smoking, and medical history. The table shows varying significance and effect sizes across models.]
[image: Two line graphs show hazard ratios with 95% confidence intervals for different risk factors. The left graph displays cardiovascular disease risk, with hazard ratios decreasing as titer percentage increases. The right graph signifies death risk, with similar trends. Non-linear significance values are noted for each, with overall significance being less than 0.0001 in both cases.]
Figure 3 | Analyzing the dose-response relationship between different groups of TITRE and the observed outcomes. The red curve represents the intensive group, while the blue curve represents the traditional group.

Consistent results were obtained for CVD subtypes, with a more pronounced negative association between TITRE and stroke in the intensified group (Table 4). Each 1 SD increase in TITRE was associated with a 26% reduction in stroke risk in the intensified group, compared to a 20% reduction in the traditional group.

Table 4 | Hazard ratios associated with CVD subtypes per 1SD increase in TITRE.


[image: Table comparing the hazard ratios (HR) and P values for cardiovascular events (CVD and stroke) under conventional and intensive blood glucose ranges across four models. Each model adjusts for different factors. Confidence intervals (CI) are provided for each HR, indicating statistical significance levels. Model descriptions are included below the table.]
The aforementioned model has no multicollinearity among the covariates (VIF < 10).





Stratification analysis

Subgroup analysis showed that the cardiovascular protective effect of TITRE was more significant in male (P for interaction < 0.0001), with each 1-SD increase in TITRE being associated with a 24% reduction in the risk of CVD in the conventional group and a 28% reduction in the enhanced group. Similar results were found in age stratification. In addition, no other significant differences were observed between the groups. However, prolonged intensive glucose control significantly reduced the risk of all-cause death in patients with normal renal function (HR, 0.58; 95% CI, 0.41-0.82, Figure 4).

[image: Forest plots depicting the hazard ratios (HR) and 95% confidence intervals (CI) for the association between TITRE and cardiovascular diseases (CVDs) or death in traditional and intensive control groups. Each plot is divided by subgroup categories: age, sex, eGFR, hypertension, and BMI. The x-axis represents the HR scale ranging from 0.6 to 1.2. Data is split into four panels showing variations in risk association across different health and demographic factors for both CVDs and mortality outcomes.]
Figure 4 | Startified analysis of TITRE and the primary source.





Sensitivity analysis

In the sensitivity analysis, we applied GEE to assess the relationship between TITRE and repeatedmeasurements of CRP. Since CRP is skewed, we log-transformed CRP in this analysis. The results are shown in Supplementary Table S1. In both the conventional and intensive groups, an increase in TITRE was associated with a decrease in log (CRP) values. Notably, this association was more pronounced in the intensive treatment group.






Discussion

In the Kailuan cohort analysis, after a median follow-up of 4.23 years, we found that long-term control of fasting blood glucose within the intensive target range (TITRE in the intensive group) was associated with a significant reduction in the risk of CVD and all-cause mortality. This inverse association of TITRE with CVD and all-cause mortality was independent of traditional risk factors, including FBG variability.

Our study results indicate a significant linear decreasing trend in the risk of CVD and all-cause mortality with increasing TITRE levels, regardless of the target range. As TITRE levels increase, the risk of CVD and all-cause mortality progressively decreases. Notably, in the intensive glycemic control group, the cardiovascular protective effect in diabetic patients was more pronounced, especially in reducing stroke risk (CVD: HR 0.74, 95% CI 0.65-0.85; stroke: HR 0.74, 95% CI 0.61-0.90). When patients maintained their FBG within the target range for more than 50% of the time, the absolute risk of CVD was reduced by 4.95% in the intensive group compared to the conventional group. The 24-year follow-up of the UKPDS study demonstrated that the legacy effect of early intensive glycemic control did not attenuate during the 24 years after the trial ended (5). The intensive glycemic control group still exhibited significant cardiovascular benefits (a 10% reduction in overall relative risk of death, a 17% reduction in the risk of myocardial infarction, and a 26% reduction in the risk of microvascular complications). This is consistent with our findings. It is important to note that the post-trial follow-up of the UKPDS study lacked detailed glycemic data after the intervention period. In contrast, our study had access to glycemic data. This allowed us to calculate the time within the glycemic target range through a large number of repeated glucose measurements, providing a more comprehensive understanding of long-term glycemic control. Although our study had a shorter follow-up period (median follow-up time of 4.23 years), we preserved detailed glycemic records, allowing for a more in-depth exploration of the sustained impact of glycemic control at different target ranges on cardiovascular outcomes. This fills a critical gap in the UKPDS study results. However, the ADVANCE study, which reported 6-year follow-up results in 2014 (4), showed that intensive glycemic control, compared with standard control, failed to demonstrate long-term benefits in reducing mortality or major macrovascular events. This is inconsistent with our findings, and a possible explanation could be that, after the end of the ADVANCE trial, both groups of patients received similar conventional treatment, leading to a convergence of glucose levels. In contrast, our study grouped patients by their TITRE over ten years, allowing a more intuitive analysis of the relationship between glycemic control and adverse cardiovascular outcomes and all-cause mortality. Additionally, we included heart failure as part of the definition of adverse cardiovascular outcomes, whereas heart failure was not considered in the ADVANCE study. These factors enabled our study to provide a more comprehensive assessment of the potential cardiovascular health benefits of long-term glycemic control.

Moreover, in the stratified analysis of TITRE and the risk of CVD and all-cause mortality, we found that the protective effect of TITRE was more significant in the intensive group, with a larger reduction in the risk of CVD and all-cause mortality. This effect was particularly prominent in the subgroup of patients under 65 years old and those with good renal function. Another interesting finding was that, compared to diabetic patients without hypertension, those with concomitant hypertension who maintained their blood glucose within the target range for a longer period may have a reduced risk of all-cause mortality.

Finally, we also considered the relationship between good glycemic control and the risk of inflammation in the diabetic population. In the sensitivity analysis, repeated measurements of CRP, as an inflammatory marker, were collected to further explore the association between diabetes control and inflammation risk. As glycemic control improved (with increasing TITRE), inflammation levels [log (CRP) values] significantly decreased. This negative correlation was more pronounced under intensive glycemic control (with an estimated coefficient of -0.0025, compared to -0.0020 under conventional glycemic control), suggesting that intensive glycemic control may be more effective than conventional control in reducing systemic inflammation. This finding further emphasizes the importance of early and sustained good glycemic control in patients with type 2 diabetes.

Although the physiological mechanisms underlying the association between TITRE and cardiovascular outcomes remain unclear, some possible explanations have been proposed (19–21). Lower TITRE reflects poorer glycemic control, which may promote the deterioration of β-cell function. The loss of β-cells may lead to increased oxidative stress, activation of the renin-angiotensin system, release of inflammatory cytokines, and endothelial dysfunction, thereby accelerating atherosclerosis and increasing the risk of cardiovascular disease.




Limitations

First, we did not measure other glycemic indicators, such as glycated hemoglobin (HbA1c), and therefore were unable to compare the effectiveness of TITRE and HbA1c in predicting cardiovascular disease risk and mortality. This requires further investigation. Additionally, the absence of HbA1c data may have resulted in a slightly lower number of diagnosed diabetes cases. However, our laboratory used the same diagnostic criteria in previous studies, and these criteria underwent careful review, so we believe they are reliable. Second, the need to observe a longer time window for fasting blood glucose target achievement resulted in a relatively short follow-up period. Finally, all participants were of Chinese ethnicity, which may limit the generalizability of our findings.






Conclusion

In conclusion, our findings further emphasize the importance of maintaining good glycemic control in patients with type 2 diabetes. Long-term control of blood glucose at lower levels in patients with type 2 diabetes appears to significantly reduce the risk of diabetes-related cardiovascular outcomes and mortality.
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Objective

Recent studies have underscored the metabolic and cardiovascular regulatory capacity of perirenal adipose tissue (PAT), implicating its potential involvement in the pathogenesis of left ventricular hypertrophy (LVH). This investigation aims to assess the relationship between increased PAT mass and LVH, while also examining the potential mediating role of insulin resistance in this relationship among individuals with type 2 diabetes mellitus (T2DM).





Method

1112 individuals with T2DM were prospectively recruited for this study. Perirenal fat thickness (PrFT), measured using unenhanced abdominal CT, served as a measure of PAT mass. The triglyceride to high-density lipoprotein cholesterol ratio (TG/HDL-c) was computed to assess insulin resistance. LVH was identified as left ventricular mass index (LVMI) >115 g/m² in men or LVMI >95 g/m² in women. The correlations of LVH risk with PrFT and TG/HDL-c were analyzed by weighted binomial logistic regression and restricted cubic splines (RCS) analyses. Furthermore, the mediating role of TG/HDL-c in this relationship was explored using the adjusted mediation analysis.





Results

Participants in the LVH group displayed significantly higher PrFT and TG/HDL-c than the non-LVH group (P < 0.001). Adjusting for confounding factors, the LVMI demonstrated a positive correlation with PrFT (β=0.262, P<0.001) and TG/HDL-c (β=0.206, P<0.001). PrFT and TG/HDL-c emerged as independent variables for LVH, with odds ratios of 1.33 (95%CI:1.24-1.43, P<0.001) and 1.20 (95%CI:1.05-1.36, P=0.006), respectively. Each standard deviation increases in PrFT and TG/HDL-c conferred an additional 240% (P<0.001) and 41% (P=0.006) risk for LVH. A linear correlation of LVH risk with PrFT and TG/HDL-c was observed from RCS analysis (P for nonlinear and overall< 0.001). Moreover, TG/HDL-c mediated 13.4% of the association between PrFT and LVMI, and 8.5% between PrFT and LVH.





Conclusion

Increased PAT accumulation contributes to an independent variable for LVH, with insulin resistance acting as a mediating variable in this relationship.
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Introduction

Cardiovascular disease (CVD) is the leading cause of mortality in individuals with type 2 diabetes mellitus (T2DM), encompassing heart failure and coronary atherosclerotic heart disease (1). Obesity has risen to pandemic levels and is intricately linked with increased CVD risk and mortality (2). Abnormal accumulation of visceral adipose tissue (VAT) is a hallmark of obesity, contributing significantly to the development of CVD and other metabolic disorders. Perirenal adipose tissue (PAT) surrounds the kidney and provides essential mechanical support for renal function. Histological and embryological studies have indicated that PAT shares a developmental origin with conventional VAT, suggesting similar impacts on cardiovascular health. Recent research has underscored PAT’s unique attributes, including complete lymphatic drainage and vascularization, classifying it more as an organ than mere connective tissue (3). In recent years, several clinical studies revealed close correlations between increased PAT and cardiometabolic disorders like nonalcoholic fatty liver disease (4), subclinical carotid atherosclerosis (5), and systemic calcified atherosclerosis (6), indicating that PAT accumulation may exhibit heightened metabolic activity and behave as a risk factor for CVD. The incidence of heart failure in T2DM has been observed to increase gradually, independent of coronary atherosclerotic heart disease and hypertension. Left ventricular hypertrophy (LVH) represents a compensatory adaptation involving structural changes in cardiac morphology, which increases the risk of heart failure (7). Given the potential effects of PAT on the cardiovascular system, it is crucial to investigate whether increased PAT mass serves as an independent risk factor for LVH.

Perirenal fat thickness (PrFT), measured by non-enhanced CT scans, has emerged as a validated index proficient in accurately assessing the PAT mass (8). Clinical studies have observed a positive correlation between visceral fat area (VFA) and left ventricular mass index (LVMI), establishing VFA as an independent risk factor for LVH (9). T2DM predisposes individuals to abnormal cardiac structure and function amidst the rising prevalence of obesity. Sodium-glucose cotransporter-2 inhibitors and glucagon-like peptide-1 receptor agonists are recognized for their efficacy in reducing the risk of heart failure and body weight. Recent clinical studies have indicated that liraglutide and dapagliflozin possess PAT-reducing properties (10, 11). Identifying PAT as a potential risk factor for LVH could provide opportunities for targeted interventions with cardioprotective therapies. However, limited data exist regarding the association between increased PAT and LVH risk. Previous research has demonstrated a mediating role of insulin resistance in the relationship between visceral obesity and cardiovascular function (12), as well as hypertension incidence (13). Moreover, research has shown that PrFT acts as an independent risk factor for insulin resistance (14). Despite these findings, the potential mediating role of insulin resistance in the relationship between elevated PAT and LVH has yet to be clearly established. The triglyceride to high-density lipoprotein cholesterol ratio (TG/HDL-c), a well-recognized surrogate marker of insulin resistance, has independently been associated with both cardiometabolic risk (15) and LVH (16). To address the above concerns, this study aimed to evaluate the associations among TG/HDL-c, PrFT, and LVH, and to assess whether TG/HDL-c mediates the association between PrFT and LVH.





Methods




Participants and study design

This study prospectively enrolled participants with T2DM who were admitted to the inpatient department of endocrinology at Longyan First Affiliated Hospital of Fujian Medical University. Ethical approval (IC-2020069) was obtained from our hospital’s Ethics Committee, adhering strictly to the principles of the Declaration of Helsinki. Participants received detailed information about the study objectives, and written consent was obtained from each participant. Several exclusion criteria were applied during participant selection. Individuals were excluded if they presented with any of the following conditions: 1) concurrent primary or secondary heart diseases that could confound cardiac assessments (e.g., hypertrophic, infiltrative, and congestive heart failure; severe liver or kidney dysfunction; abnormal thyroid function); 2) current use of specific anti-ventricular remodeling therapies; 3) renal structural abnormalities interfering with accurate measurement of PrFT (e.g., renal space-occupying lesions, history of renal or perirenal surgery, evident perirenal or renal infection); 4) inability to undergo computed tomography scans and ultrasound assessments due to special circumstances (e.g., pregnancy, known allergy to contrast agents); 5) extreme hypertriglyceridemia and treatment with medications affecting lipid metabolism (e.g., estrogens, tamoxifen, glucocorticoids, medications for hyperlipidemic pancreatitis); 6) incomplete data. Recruitment spanned from January 2022 to May 2024. The final analysis included 1112 participants aged 29 to 74 years, with 128 participants excluded. According to the LVH statutes, participants were categorized into the LVH group (n=286) and non-LVH group (n=826).





Exposure variable assessment

PrFT was the primary exposure variable in this study. Participants underwent unenhanced abdominal CT scans to capture detailed kidney and perirenal structural characteristics. Adipose tissue (AT) was identified based on density criteria (window center: -100 Hounsfield Units; width: -50 to -200 Hounsfield Units), distinguishing it from surrounding tissues. PAT was subsequently defined as AT from the kidney to the nearest visceral or muscle structure. Finally, PrFT was quantified as the mean maximum distance of PAT from the posterior wall of the kidney along the plane delineated by the left and right renal veins to the inner margin of the abdominal wall (17).





Outcome variable assessment

LVH and LVMI served as the main outcome variables. Participants underwent transthoracic echocardiographic examination using a Philips EPIQ5 cardiography system (Philips Healthcare, Amsterdam, Netherlands). The assessment was conducted by experienced echocardiologists with participants positioned in the lateral decubitus posture. Cardiac structural parameters, including interventricular septum diastole (IVSd), posterior wall diastole (PWd), and left ventricular diastolic diameter (LVDd), were assessed using M-mode echocardiography, following established guidelines. LVMI was calculated using previously described formulas (18): LVMI = left ventricular mass (LVM) divided by body surface area (BSA), where LVM was calculated as 0.80 × 1.04 × {(IVSd + LVDd + PWd)³ - LVDd³} + 0.6 g. BSA was computed using the Du Bois formula (19): BSA=0.007184 × weight (kg)0.425 × height (cm)0.725. LVH was identified as LVMI >115 g/m² in men or LVMI >95 g/m² in women (18).





Assessment of mediator and study covariates

TG/HDL-c was the mediator, indicative of insulin resistance. The TG/HDL-c was calculated using previously described formulas: TG/HDL-c = serum TG/HDL cholesterol level. Study covariates encompassed age, gender, diabetic duration, smoking, hypertension, systolic blood pressure (SBP) diastolic blood pressure (DBP), glycated hemoglobin A1c (HbA1c), creatinine, TG, total cholesterol (TC), low-density lipoprotein cholesterol (LDL-c), HDL-c, uric acid (UA), body mass index (BMI), waist circumference, VFA, and subcutaneous fat area (SFA). Trained interviewers collected demographic information, current or prior medication use, and any pertinent medical histories meeting exclusion criteria. Trained research nurses employed standardized methods to measure various physical examination parameters. BMI was calculated as weight (kg) divided by the square of height (m²). Serum biochemical markers were analyzed using automatic electrochemiluminescence immunoassay analyzers (Roche Diagnostics Corporation), and HbA1c levels were assessed using high-performance liquid chromatography. VFA and SFA were measured by trained operators using a dual bioelectrical impedance analyzer (DUALSCANHDS-2000, Omron Healthcare Company, Japan).





Statistical analysis

Data storage and statistical analyses were performed using SPSS version 26.0 or R version 4.2.3 software. Baseline characteristics of the study cohort were expressed as means ± standard deviation (SD) or frequency tables (N, %). Student’s t-test or the chi-square test was utilized to compare baseline characteristics between the LVH and non-LVH groups. Spearman correlation analysis assessed the relationships among PrFT, TG/HDL-c, and LVMI. These correlations were further examined using weighted multiple regression analysis, adjusting for confounding factors across three models. Model 1 adjusted for age, gender, duration of diabetes, and smoking status. Model 2 additionally adjusted for metabolic profiles like hypertension, HbA1c, TG, TC, LDL-c, HDL-c, and UA. Model 3 further included adjusting obesity-related indexes like BMI, WC, VFA, and SFA. Weighted binomial logistic regression and restricted cubic splines (RCS) analysis were conducted to investigate the correlations of LVH risk with PrFT and TG/HDL-c. Adjusted mediation models using bootstrapping methods evaluated the mediating role of TG/HDL-c in these associations. Sensitivity analyses excluding participants with hypertension were conducted to validate these findings further. Statistical significance was set at P < 0.05 (two-tailed).






Result




Baseline characteristics of the participants based on LVH statutes

In the final analysis, 1112 individuals with T2DM, characterized by an average diabetic duration of 8.4 ± 3.4 years and an age range of 30 to 74 years, were included. The study population consisted of 286 individuals (25.7%) with LVH and 826 individuals (74.3%) without LVH. A comparison of clinical characteristics based on LVH status is outlined in Table 1. Significant differences were observed between participants in the LVH group and those in the non-LVH group. The LVH group demonstrated advanced age and longer diabetes duration (P<0.001). Moreover, individuals with LVH displayed elevated levels of metabolic parameters such as TG, SBP, DBP, and UA, as well as obesity-related indices including BMI, WC, SFA, and VFA, alongside decreased levels of HDL-c (P<0.001). The prevalence of hypertension was also notably higher among LVH participants (P<0.001). Furthermore, the LVH group exhibited considerably higher PrFT and TG/HDL-c when compared with the non-LVH group (P < 0.001).

Table 1 | Comparison of baseline characteristics between LVH and non-LVH groups.


[image: Table comparing characteristics between LVH (n=286) and non-LVH (n=826) groups. Characteristics include age, sex, diabetic duration, BMI, waist circumference, blood pressure, HbA1c, lipid profiles, uric acid, creatinine, fat area, hypertension, and smoking. Significant differences are noted in several characteristics, including BMI, blood pressure, and triglyceride levels, with p-values indicating statistical significance for most parameters.]




Associations among PrFT, TG/HDL-c, and LVMI

Figure 1 displays the relationships among PrFT, TG/HDL-c, and LVMI as examined through the Spearmen or Pearson correlation analysis. LVMI exhibited a positive correlation with PrFT (r= 0.493, P < 0.001) and TG/HDL-c (r= 0.417, P < 0.001). Additionally, PrFT showed a positive association with TG/HDL-c (r= 0.430, P < 0.001). Subsequently, these correlations were further analyzed by the weighted multiple linear regression analysis after adjusting for three models (Table 2). In both Model 1 and Model 2, PrFT and TG/HDL-c showed positive correlations with LVMI (P < 0.001), along with a positive association between PrFT and TG/HDL-c (P < 0.001). Notably, following adjustments for obesity-related indexes in Model 3, the positive correlations of LVMI with PrFT (β=0.262, P<0.001) and TG/HDL-c (β=0.206, P<0.001) persisted. Additionally, PrFT revealed a positive association with TG/HDL-c (β=0.171, P<0.001).

[image: Correlation matrix heatmap showing relationships between PrFT, TG/HDL-c, and LVMI. Color intensity indicates correlation strength, with values: PrFT-PrFT 1.000, PrFT-TG/HDL-c 0.430, PrFT-LVMI 0.493, TG/HDL-c-TG/HDL-c 1.000, TG/HDL-c-LVMI 0.417, LVMI-LVMI 1.000. A gradient scale from 0.1 to 1.0 is on the right.]
Figure 1 | Pearson correlation analysis examining the relationships among PrFT, TG/HDL-c, and LVMI. PrFT: Perirenal fat thickness. TG/HDL-c: Triglyceride to high-density lipoprotein cholesterol ratio. LVMI: Left ventricular mass index.

Table 2 | Weighted multivariate linear regression analysis for the independent associations among PrFT, TG/HDL-c, and LVMI.


[image: Table presenting the relationships between independent variables PrFT and TG/HDL-c with dependent variables LVMI and PrFT across three models. Each model provides beta coefficients (β) and p-values (P): Model 1 shows β = 0.413 and 0.394 for PrFT and TG/HDL-c respectively; Model 2 shows β = 0.387, 0.346, and 0.318; Model 3 shows β = 0.262, 0.206, and 0.171. All p-values are less than 0.001. Model adjustments are explained below the table.]




Correlations of LVH risk with PrFT and TG/HDL-c

Figure 2 displays the prevalence of LVH across quartiles of PrFT and TG/HDL-c. Substantial increases in LVH prevalence were observed across both higher PrFT (Figure 2A) and TG/HDL-c (Figure 2B) quartiles compared to lower quartiles (P<0.001). A weighted binomial logistic regression was employed to assess the association of LVH risk with PrFT and TG/HDL-c after adjusting for confounding factors in three models, as shown in Table 3. Results indicated that higher PrFT and TG/HDL-c quartiles exhibited positive correlations with LVH risk across all three models (P<0.05). In Model 3, following full adjustment for confounding factors, PrFT and MHR emerged as independent variables for LVH risk, with odds ratios of 1.33 (95%CI:1.24-1.43, P<0.001) and 1.20 (95%CI:1.05-1.36, P=0.006) respectively. Furthermore, each SD increase in PrFT and TG/HDL-c revealed an additional 240% (P<0.001) and 41% (P=0.006) risk for LVH, indicating a significant dose-response relationship between PrFT, TG/HDL-c, and LVH risk (P<0.001). As shown in Figure 3, the RCS analysis also identified a linear association between PrFT and LVH risk (P for overall<0.001; P nonlinear=0.137), as well as TG/HDL-c and LVH risk (P for overall=0.039; P nonlinear=0.636).

[image: Bar charts labeled A and B show the distribution of LVH (red) and Non-LVH (blue) across quartiles. Chart A represents Quartiles of PrFT with increasing LVH percentages: 5.7%, 10.4%, 23.4%, and 65.3%. Chart B represents Quartiles of TG/HDL-c with LVH percentages: 7.7%, 19.3%, 26.3%, and 50.6%. Both show a significant trend with p-value less than 0.001.]
Figure 2 | Prevalence of LVH across the quartiles of PrFT (A) and TG/HDL-c (B). Perirenal fat thickness. TG/HDL-c: Triglyceride to high-density lipoprotein cholesterol ratio. LVH: Left ventricular hypertrophy.

Table 3 | Weighted binomial logistic regression analysis for the correlations of LVH risk with PrFT and TG/HDL-c.


[image: Table comparing three models with odds ratios and P values for PrFT and TG/HDL-c. Model adjustments include variables like age, gender, hypertension, and body mass index. Significant trends are observed across most quartiles.]
[image: Two graphs showing the relationship between odds ratio and two variables. Graph A depicts the odds ratio against PrFT ranging from 0 to 25, with an upward curve and shaded red area. P-values: overall < 0.001, nonlinear = 0.137. Graph B shows the odds ratio against TG/HDL-c from 0 to 10, with a similar upwards pattern and shaded green area. P-values: overall = 0.039, nonlinear = 0.636. Both graphs display confidence intervals and dashed baseline.]
Figure 3 | Linear correlations of LVH risk with PrFT (A) and TG/HDL-c (B) after adjusting for Model 3 as analyzed by the restricted cubic splines analysis. Model 3 adjusted for age, gender, diabetic duration, smoking, metabolic profiles like hypertension, glycated hemoglobin A1c, triglyceride, total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, uric acid, obesity-related indexes like body mass index, waist circumference, visceral fat area, and subcutaneous fat area. PrFT: perirenal fat thickness. TG/HDL-c: triglyceride to high-density lipoprotein cholesterol ratio. LVH: left ventricular hypertrophy.





The mediating role of TG/HDL-c

Figure 4 illustrates the structural models elucidating the mediating role of TG/HDL-c in the relationship between PrFT and LVMI, as well as PrFT and LVH risk, after comprehensive adjustments in Model 3 as evaluated through adjusted mediation analysis. The total effect of PrFT on LVMI was determined to be 0.262, with an indirect effect of 0.035. TG/HDL-c mediated 13.4% of this association (Figure 4A). Additionally, the total effect of PrFT on LVMI was calculated as 0.330, with an indirect effect of 0.028, corresponding to a mediated proportion of 8.5% attributable to TG/HDL-c (Figure 4B).

[image: Diagram showing mediation models. Panel A depicts the effect of PrFT on LVMI, mediated by TG/HDL-c, with a total effect of β = 0.262 (p < 0.001) and an indirect effect of β = 0.035 (p < 0.001) accounting for 13.4% mediation. Panel B shows PrFT affecting LVH through TG/HDL-c, with a total effect of β = 0.330 (p < 0.001) and an indirect effect of β = 0.028 (p < 0.001) with 8.5% mediation.]
Figure 4 | Adjusted mediation models using bootstrapping methods evaluated the mediating role of TG/HDL-c in the correlations of PrFT with LVMI (A) and LVH (B) in Model 3. PrFT: perirenal fat thickness. TG/HDL-c: triglyceride to high-density lipoprotein cholesterol ratio. LVH: left ventricular hypertrophy. LVMI: Left ventricular mass index.





Sensitivity analysis

To further validate the aforementioned findings, sensitivity analyses were performed, excluding
participants with hypertension. Following comprehensive adjustments in Model 3, LVMI maintained a
significant positive correlation with PrFT (β=0.225, P<0.001) and TG/HDL-c (β=0.189, P<0.001). The positive association between HDL-c and PrFT (β=0.145, P<0.001) persisted. Moreover, both PrFT and TG/HDL-c independently correlated with LVH, with ORs of 1.31 (95% CI: 1.19-1.44, P<0.001) and 1.28 (95% CI: 1.03-1.59, P=0.025) respectively. Each SD increase in PrFT and TG/HDL-c conferred an additional 245% (P<0.001) and 60% (P=0.026) risk for LVH. As illustrated in Supplementary Figure 1, TG/HDL-c mediated 12.4% of the association between PrFT and LVMI, and 11.7% of the association between PrFT and LVH.






Discussion

Obesity is intricately linked to progressive cardiac structural and functional changes, often resulting in LVH and potentially advancing to heart failure. While increased PAT is well-established as a risk factor for cardiometabolic disorders, its association with LVH remains underexplored. This study evaluated the association between PrFT and LVH and assessed whether TG/HDL-c mediates this association in T2DM. Several significant findings emerged from this investigation. Firstly, weighted multiple linear regression analysis demonstrated positive correlations among PrFT, TG/HDL-c, and LVMI. Secondly, the weighted binomial logistic regression and RCS analysis showed that PrFT and TG/HDL-c contributed to an independent risk factor for LVH. Thirdly, TG/HDL-c partially mediated the correlations of PrFT with LVMI and LVH. Lastly, Sensitivity analyses excluding participants with hypertension further validated these associations.

T2DM tends to be associated with various metabolic disorders, making it prone to be accompanied by LVH (20). Given its frequent occurrence and potential progression to heart failure, current guidelines underscore the critical need for early detection and management of LVH and its associated risk factors to prevent its onset or advancement to heart failure (21). Previous research has identified age, UA levels, hyperlipidemia, obesity, hypertension, and insulin resistance as significant risk factors for LVH or CVD (22–24). Therefore, our study found that the LVH group exhibited advanced age, longer duration of diabetes, elevated levels of metabolic parameters such as TG, SBP, DBP, UA, and the TG/HDL-c, as well as indices related to obesity including BMI, WC, SFA, VFA, and PrFT. As we all know, obesity plays a pivotal role in the early pathogenesis of CVD. Moreover, large-scale population-based cohort studies have elucidated that the distribution of body fat profoundly modulates the impact of obesity on CVD and LVH (25–27). PAT, which shares developmental origins with VAT, fulfills analogous cardiovascular roles. Situated adjacent to the kidneys in the retroperitoneal space, PAT exhibits distinctive characteristics, including comprehensive lymphatic drainage, vascularization, innervation, and specific morphological features such as fascial borders and an independent sympathetic architecture. These unique attributes suggest that PAT functions more akin to an organ than mere connective tissue, potentially providing a structural foundation for its regulatory role in cardiovascular and metabolism homeostasis through neural, humoral, and kidney-mediated mechanisms (3, 28). While several observational studies have demonstrated an independent association between increased PAT and various cardiometabolic disorders such as metabolic syndrome (29), nonalcoholic fatty liver disease (30), and subclinical carotid atherosclerosis (5), data on the association between increased PAT and LVH remain limited. Previous studies have established that abnormal accumulation of VAT, epicardial adipose tissue (EAT), and pericardial adipose tissue independently increases the risk of LVH, regardless of traditional risk factors for LVH (9, 31, 32). Our study corroborates these findings, demonstrating a positive correlation between PrFT and LVMI, establishing PrFT as an independent predictor of LVH. Importantly, we adjusted for traditional LVH risk factors and further controlled for VFA and SFA to mitigate the potential confounding effects of VAT and subcutaneous adipose tissue. This approach distinguishes our investigation from previous studies that primarily focused on the association of LVH with EAT and pericardial adipose tissue thickness. Additionally, the sensitivity analyses further validated the above findings after excluding participants with hypertension. These results suggest that increased PAT serves as an independent risk factor for LVH, beyond the influence of traditional risk factors and VAT in LVH pathogenesis. Cuatrecasas et al. revealed that both Metformin and Dapagliflozin promote fat loss in layers associated with metabolic syndrome, with the combined treatment showing particularly effective results in reducing PAT (10). Additionally, another study reported that Liraglutide induces greater fat loss in the layers involved with metabolic syndrome, with the greatest reduction observed in PAT (11). Future studies are warranted to determine whether these medications can prevent the development of LVH and delay its progression by reducing PAT.

The intricate mechanism underlying PAT’s role in LVH may involve its multifaceted effects on the cardiovascular and endocrine systems. Previous studies have demonstrated significant correlations between PrFT and both TG and HDL-c. Ke et al. reported a negative correlation between PrFT and serum HDL-c levels in patients with T2DM (33). At the same time, D’Marco et al. identified a positive association between PrFT and serum TG levels in a cohort of 103 patients with chronic kidney disease (34). TG/HDL-c was a convenient surrogate marker for insulin resistance and was widely used to evaluate the association between insulin resistance and cardiometabolic disorders. This study revealed that TG/HDL-c is positively correlated with PrFT and acts as a risk factor for LVH, suggesting that insulin resistance may play a role in the relationship between PrFT and LVH risk. Several clinical studies have observed close correlations between increased PrFT and other traditional risk factors for LVH. De Pergola et al. observed that PrFT was positively associated with mean 24-hour DBP levels in overweight and obese subjects, implying a potential direct role of PAT in raising daily DBP (35). Ricci et al. found that the need for antihypertensive medications and the reduction in SBP were independently associated with the decrease in PAT among 89 hypertensive obese patients who underwent sleeve gastrectomy (36). Yang, Y et al. and Lamacchia, O et al. also found a positive association between PrFT and serum UA levels in T2DM (37, 38). Given the multiple mechanisms underlying the association between PAT accumulation and LVH development, elucidating the precise role of insulin resistance presents a significant challenge. This study employed mediation analysis, adjusting for potential confounding variables, to evaluate the involvement of insulin resistance in this relationship. The results showed that TG/HDL-c partially mediated the correlations of PrFT with LVMI and LVH, underscoring the pivotal role of insulin resistance in the association between increased PAT accumulation and LVH development.




Strength and limitation

This study demonstrates strength in establishing the independent association between PrFT and the risk of LVH and elucidating the mediating role of the TG/HDL-c in this relationship, a finding corroborated by sensitivity analysis. However, several limitations warrant acknowledgment. Firstly, the data utilized in this analysis were cross-sectional, thereby limiting our ability to infer causality or assess temporal relationships. Secondly, PrFT measured by CT scan provides a reliable estimate of PAT mass, benefiting from CT’s superior resolution for adipose tissue compared to ultrasound, which aids in distinguishing PAT from surrounding tissues. Nonetheless, the utility of CT scans is tempered by radiation exposure concerns, precluding their use in certain populations such as pregnant women and children. Additionally, the study population was limited to a single regional medical center, where participants likely shared similar diets, food sources, public health initiatives, and social environments. Future multicenter studies are needed to include diverse populations from various regions and ethnic backgrounds to further validate these findings.






Conclusion

This study revealed an independent association between PrFT and LVH risk, with the TG/HDL-c ratio partially mediating this relationship. These findings underscore the significant contribution of increased PAT accumulation in LVH development, highlighting the intermediary influence of insulin resistance in this pathway. Developing strategies to manage PAT accumulation may be beneficial in preventing LVH.
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Supplementary Figure 1 | The mediating role of TG/HDL-c in the correlations of PrFT with LVMI (A) and LVH (B) in Model 3 excluding participants with hypertension. PrFT: perirenal fat thickness. TG/HDL-c: triglyceride to high-density lipoprotein cholesterol ratio. LVH: left ventricular hypertrophy. LVMI: Left ventricular mass index.
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Background

Atherosclerosis (AS) is the main cause of macrovascular disease. Previous studies have found sex differences in the prevalence of type 2 diabetes mellitus (T2DM) and its associated macrovascular disease outcomes. However, the relationship between sex differences, T2DM, and AS is not fully understood. This study attempts to explore possible associations between sex, treatment, and the burden of intracranial atherosclerosis (ICAS) in patients with T2DM who have experienced an acute ischemic cerebrovascular disease.





Methods

We focused on patients with T2DM with acute ischemic stroke or transient ischemic attack due to intracranial atherosclerotic stenosis. ICAS was assessed by 3T cardiovascular magnetic resonance vascular wall imaging. Plaque counts of the total, proximal, and distal intracranial arteries were used to assess plaque burden. Patients with a history of T2DM and currently taking hypoglycemic drugs were defined as being treated. Poisson regression models or negative binomial regression models were used to analyze the interaction between sex and treatment in relation to plaque burden.





Results

A total of 495 plaques were detected in 120 patients (75 male; mean age, 60.77 ± 11.01 years), including 311 proximal and 184 distal plaques. The intracranial culprit plaque was located proximal to the artery in both male (85.3%) and female (88.9%) patients. The adjusted total and proximal intracranial plaque burdens were 1.261 times (95% confidence interval [CI], 1.050–1.515, P=0.013) and 1.322 times (95%CI, 1.055–1.682, P=0.016) higher in male than in female patients. The risk ratio for proximal plaque burden in untreated male versus female patients was 0.966 (95%CI, 0.704–1.769). However, the proximal plaque risk ratio for treated male versus female patients was 1.530 (95%CI, 1.076–2.174). The interaction of sex and treatment significantly affected the proximal plaque burden.





Conclusion

Male patients with T2DM and acute cerebrovascular disease have a significantly higher adjusted risk of total and proximal intracranial plaque burden compared to female patients. Female patients undergoing antidiabetic treatment have a significantly reduced risk of proximal plaque to males. Considering that culprit plaques tend to accumulate in the proximal arteries, understanding how to reduce the burden of proximal plaques may help reduce the risk of adverse cerebrovascular events.





Keywords: diabetes mellitus, sex difference, ischemic stroke, cardiovascular magnetic resonance imaging, intracranial atherosclerosis




1 Introduction

Type 2 diabetes mellitus (T2DM) affects nearly 9% of adults worldwide (1) and is one of the fastest growing diseases in China (2). This condition is closely associated with the occurrence, development, and severity of intracranial atherosclerosis (ICAS) (3), which is the main cause of ischemic cerebrovascular disease in the Chinese population (4). Hyperglycemic status, commonly observed in T2DM, promotes endothelial dysfunction in the early stages of atherosclerosis. ICAS may progress silently without any noticeable clinical symptoms, suggesting that early onset of T2DM could considerably influence the burden of ICAS and the risk of ischemic cerebrovascular disease in later life (5). Epidemiological studies in Asian populations have found that the prevalence of T2DM is higher in young to middle-aged males than in females (2), which may be related to insulin resistance being more pronounced in men from late adolescence to adulthood compared to females (6). However, with decreased sex-specific hormonal regulation and increased life expectancy, the prevalence of diabetes in women has gradually increased (7). Therefore, the effect of sex differences on the prevalence of T2DM on the burden of ICAS is not fully understood.

Effective management and control of T2DM, a major modifiable risk factor, may be an effective strategy to ultimately reduce the risk of ischemic cerebrovascular events. Studies on sex differences in treatment outcomes among patients with T2DM and cardiovascular disease, including myocardial infarction, stroke, and cardiovascular death, found that females with T2DM had a significantly lower risk of cardiovascular events compared to males (1). The relationship between the underlying atherosclerotic burden, a major cause of cardiovascular disease, and observed sex differences in cardiovascular risks of T2DM patients remains to be further investigated. Previous evaluations of atherosclerosis relied on luminal imaging techniques such as three-dimensional time-of-flight magnetic resonance angiography (MRA), enhanced MRA, or computed tomography angiography, and suggest ICAS when stenosis rates are ≥50% (4). Although the degree of arterial luminal stenosis may reflect the burden of atherosclerosis (8), extensive evidence suggests that the degree may be underestimated due to positive arterial remodeling effects (9) (thickening and compensatory outward expansion of the wall to maintain a normal luminal diameter) or overestimated due to partial volumetric effects caused by eddy currents (10). In recent years, advances in 3D cardiovascular magnetic resonance vascular wall imaging (CMR-VWI) have revolutionized the evaluation of ICAS. This technology provides detailed images of the vessel wall morphology and identifies plaques, overcoming the limitations of traditional vascular detection methods, and enables a more accurate evaluation of ICAS (11).

In this study, we used 3D CMR-VWI to investigate sex differences in the burden of intracranial atherosclerosis in patients with T2DM who have experienced acute cerebrovascular events. We hypothesized that males exhibit a higher burden of ICAS compared to females. In addition, we further analyzed the sex-specific effects of antidiabetic treatment on the burden of ICAS.




2 Materials and methods



2.1 Study population and design

The high-resolution MRI (HR-MRI) database, which focuses on high-resolution imaging of cerebral arteries in patients with acute ischemic stroke (AIS) or transient ischemic attack (TIA) from August 2019 to March 2024, was continuously reviewed. Patients underwent CMR-VWI after MRA detected intracranial artery stenosis or suspected stenosis. The detailed inclusion criteria were as follows: 1) AIS or TIA caused by ICAS, as determined by a neurologist; 2) Hospitalized patients with a glycated hemoglobin (HBA1c) level ≥6.5% or a fasting blood glucose level ≥7.0 mmol/L or history of T2DM; 3) Carotid artery or vertebral artery stenosis rate <50%; and 4) Undergoing CMR-VWI within two weeks of admission. The exclusion criteria were as follows: 1) Ischemic cerebral infarction caused by non-atherosclerotic vascular stenosis, such as moya moya disease, vasculitis, etc.; 2) Cardiogenic stroke; 3) Intracranial artery occlusion; 4) Receipt of intravascular intervention or thrombolytic therapy before CMR vascular wall imaging; 5) Patients undergoing sex hormone replacement therapy; 6) Poor image quality.

The study protocol was approved by Shaanxi Provincial People’s Hospital review board. All study participants provided signed informed consent.




2.2 Clinical and biochemical assessment

Clinical data and laboratory measurements including age, sex, height, weight, blood pressure, current smoking status, history of stroke, history of coronary heart disease, and medication were collected from the hospital’s electronic medical records. Laboratory tests performed 6 hours after admission on a fasting basis included measurements of total cholesterol, triglycerides, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol (HDL-C), Apolipoprotein (Apo) A1, Apo B, uric acid (UA), homocysteine, HbA1c, and fasting blood glucose levels. Patients with a pre-admission history of type 2 diabetes mellitus and who were receiving antidiabetic drugs were defined as undergoing treatment.




2.3 MRI protocol

MRI scans were performed using the Philips 3.0T CMR scanner (Ingenia, Philips Medical System, The Netherlands) and a 16-channel head and neck coil. The CMR-VWI protocol included a three-dimensional (3D) time-of-flight (TOF) MRA and pre- and post-contrast 3D volume isotropic turbo spin-echo acquisition (VISTA). The 3D-TOF MRA was used to visualize vascular stenosis with the following parameters: repetition time (TR)/echo time (TE) = 20 ms/3.6 ms; field of view (FOV) = 180 × 180 mm2; matrix = 256 × 256; slice thickness = 5 mm. A 3D T1-weighted VISTA sequence of VW-MRI was obtained for plaque characteristic analysis with the following parameters: TR/TE = 700 ms/14 ms; FOV = 80 × 80 mm2; matrix = 256 × 256; slice thickness = 2 mm; layer spacing = 0.5 mm. The enhanced image was obtained using a repeated T1-weighted VISTA sequence after an intravenous injection of 0.1 mmol/kg contrast agent (Gadovist®, Bayer Schering Pharma AG, Berlin, Germany), followed by a delay of approximately 5 minutes. Diffusion-weighted imaging (DWI) after admission was used to identify acute cerebral infarction or TIA. The total duration for the complete sequence scan was approximately 20 minutes.




2.4 Image analysis

All MRI data were processed using semi-automatic software (tsimaging.net). The CMR-VWI images were evaluated by two neuroradiologists, X. Yan and L. Li, with six and five years of experience, respectively, who were blinded to clinical details. Atherosclerotic plaques on VW-MRI images showed eccentric thickening of the arterial wall, where the thinnest artery wall diameter was <50% of the thickest diameter. Each plaque was classified as either proximal (located in segments A1/M1/P1 of the anterior/middle/posterior cerebral artery and the origin of the basilar artery (BA) to the midpoint of the line from the superior cerebellar artery (SCA) to the anterior inferior cerebellar artery (AICA)) or distal (located in the anterior cerebral artery A2, posterior cerebral artery P2, middle cerebral artery M2-M3 segments and the midpoint of the line from the SCA to the AICA to the end of the BA). The sum of the proximal and distal plaque counts was considered the total plaque burden. In patients with stroke, the culprit plaque was defined as the only lesion in the same vascular area or the narrowest lesion when multiple plaques were present in the same vascular area (12). In patients with TIA, culprit plaques were identified if the symptoms corresponded to the affected vascular region. The location of the culprit plaque was determined by X. Yan and L. Li after being informed of clinical symptoms, TOF-MRA results, and DWI results, and independently evaluated. In cases of inconsistent assessments, another senior neuroradiologist, M. Tang, with 10 years of experience in imaging diagnosis, reassessed the images and assisted in reaching a consensus.




2.5 Statistical analysis

Data are reported as mean ± standard deviation or frequency (percentage). Student’s t-test, Mann–Whitney U test, χ2 test, or Fisher’s exact test was used to analyze differences in baseline clinical variables and plaque distribution burden between men and women. Given that the counting dependent variable was a discrete probability distribution, we used a Poisson regression model to analyze the relationship between sex and the burden of intracranial proximal, distal, and total plaques. The goodness-of-fit test was used to determine the over-discreteness of the counting dependent variable, and negative binomial regression was used for the regression model when the Pearson chi-square value divided by the degrees of freedom was >1. Least absolute shrinkage and selection operator (Lasso) regression was used for covariate selection in different models. Sex-related baseline clinical indicators (P < 0.1) or variables reported in the literature that might contribute to the effect were considered confounding variables and were included in LASSO regression for variable screening. The proportion of plaque distribution in male and female patients was interpreted as a risk ratio. Further, we constructed a similar regression model to analyze the interaction between sex and treatment in relation to plaque burden, i.e., to determine whether the plaque distribution count ratio between sexes differed depending on the treatment. The intra-class correlation coefficient was used to calculate the repeatability of the plaque measurement data. All statistical tests were two-sided, and a P-value <0.05 was considered statistically significant. Statistical analysis was performed using SPSS version 18 (SPSS Inc., Chicago, IL, USA) and the online platform SPSSPRO (http://www.spsspro.com).





3 Results



3.1 Demographic characteristics

Among the 278 patients initially assessed, 120 patients were finally included after excluding 19 patients with vasculitis, 17 patients with moyamoya disease, 11 patients with cardiogenic stroke; 39 patients with intracranial artery occlusion, 49 patients with thrombolysis, and 23 patients with obvious motion artifacts on HR-MRI images. (Supplementary Figure S1) The final cohort comprised 75 males and 45 females, with an average age of 60.77 ± 11.01 years. A total of 495 intracranial plaques were detected in 120 patients, including 311 proximal and 184 distal plaques. Male patients had higher levels of diastolic blood pressure (P = 0.011), and UA (P = 0.029) but lower levels of Apo A1 (P = 0.002), and HDL-C (P = 0.001) compared to female patients. In addition, the prevalence of current smoking was significantly higher in male patients than in female patients (P < 0.001) (Table 1). According to our findings, a high percentage of intracranial culprit plaques were located proximally in both male (85.3%) and female (88.9%) patients.

Table 1 | Sex differences in terms of clinical features and atherosclerosis information in patients with type 2 diabetes with acute cerebral infarction.


[image: Table comparing male and female characteristics, clinical and laboratory findings, and vascular risk factors among 120 individuals. Categories include age, BMI, blood pressure, cholesterol levels, diabetes history, medication use, and plaque numbers. Various statistical measures and P-values assess differences between sexes.]



3.2 Sex differences in intracranial plaque burden

Univariate analysis showed that male patients had a higher total, proximal, and distal plaque burden compared to female patients (Figure 1). Multivariate regression analysis showed the adjusted risk of total and proximal intracranial plaque burden in male patients with diabetes mellitus with acute cerebral ischemia were 1.261 times (95%CI, 1.050–1.515, P = 0.013) and 1.332 times (95%CI, 1.055–1.682, P = 0.016) higher, respectively, compared to female patients with the condition. Although the difference was not statistically significant, the adjusted risk for distal intracranial plaque burden was also 1.316 times higher in males than in females (95%CI, 0.943–1.837, P = 0.106) (Table 2).

[image: Box plots comparing plaque burdens in males and females across three categories: total (a), proximal (b), and distal (c). Males show higher total and proximal plaque burdens compared to females, with significant differences indicated by asterisks.]
Figure 1 | Sex differences in the distribution of intracranial plaque burden in T2DM patients. Box plots of (A) total intracranial plaque burden, (B) proximal plaque burden, and (C) distal plaque burden. significance was determined using a two-tailed Wilcoxon rank sum test. As shown in a–c, male patients had a higher total, proximal, and distal plaque burden compared to female patients. Circles represent data points beyond the whiskers. *P < 0.05, ***P < 0.001. M, Male; F, Female.

Table 2 | Relationship between unadjusted and adjusted intracranial plaque burden and sex.


[image: Table showing plaque burden across genders: Male total shows 5.0 (3.0, 6.0) with relative risk values of 1.354 and 1.261, p-values 0.002 and 0.013 for models 0 and 1. Female total shows 3.0 (2.0, 4.0). Proximal male shows 3.0 (2.0, 4.0) with risks 1.304 and 1.332, p-values 0.019 and 0.016 for models 0 and 2; female 2.0 (1.0, 3.0). Distal male shows 2.0 (1.0, 3.0) with risks 1.444 and 1.316, p-values 0.036 and 0.106 for models 0 and 3; female 1.0 (0.0, 2.0). Descriptions define model covariates.]



3.3 Sex-specific effects of antidiabetic treatment on intracranial plaque burden

There were no significant differences between untreated males and female patients in terms of total, proximal, and distal plaque burden. In the treatment group, a significant sex difference was observed in total and proximal intracranial plaque burden, but not in distal plaque burden. (Figure 2) In the multivariate regression analysis of the impact of sex on antidiabetic treatment outcomes, as shown in Table 3, female patients undergoing treatment for diabetes showed a significant reduction in intracranial proximal plaque burden, with a risk ratio of 1.530 (95%CI, 1.076–2.174) when comparing male to female patients. In contrast, in the untreated setting, females were at risk for proximal plaque burden, with a male-to-female risk ratio of 0.966 (95% CI: 0.704-1.324). The interaction test examining the combined effect of sex and treatment found that the relative difference between the two risk ratios was 1.579 (95%CI, 1.063–2.346, P = 0.024). A similar trend was found in the total plaque burden, although there was no significant difference in the interaction analysis.

[image: Three box plots compare plaque burden across different groups: (a) Total plaque burden for male and female with and without treatment, showing a significant difference marked by an asterisk. (b) Proximal plaque burden with no significant difference (ns) between male and female without treatment. (c) Distal plaque burden with no significant difference (ns). The legend indicates colors for each group: M-NT (male no treatment), F-NT (female no treatment), M-T (male treatment), and F-T (female treatment).]
Figure 2 | Differences in intracranial plaque burden between treated and untreated male and female T2DM patients. Box plots of (A) total intracranial plaque burden, (B) proximal plaque burden, and (C) distal plaque burden; significance was determined using a two-tailed Wilcoxon rank sum test. As shown in (A–C), there was no significant difference in total, proximal, and distal plaque burden between untreated men and women. In the treatment group, a significant sex difference was observed in total and proximal intracranial plaque burden, but not in distal plaque burden. Circles represent data points beyond the whiskers. *P < 0.05, ns P > 0.05. M-NT, Male-No Treatment; F-NT, Female-No Treatment; M-T, Male-Treatment; F-T, Female-Treatment. ns means not significant P>0.05.

Table 3 | Impact of sex on intracranial plaque burden and antidiabetic treatment.


[image: Table comparing subgroups of males and females in terms of relative risk and treatment versus no treatment relative risk ratio across six conditions. The table includes data for total, proximal, and distal treatment and no treatment. Each entry has a mean value with a confidence interval and a model identifier. Notable p-values are 0.059, 0.024, and 0.787. Models are adjusted for various covariates including age, BMI, blood pressure, and HbA1c%.]



3.4 Reproducibility assessment

Table 4 summarizes the inter-observer reproducibility data. All measurements showed excellent inter-observer agreement.

Table 4 | Inter-observer reproducibility.


[image: Table showing inter-observer intra-class correlation coefficients and ninety-five percent confidence intervals for males and females. For males, total is 0.949 (0.920-0.967), proximal 0.938 (0.903-0.960), distal 0.962 (0.941-0.976). For females, total is 0.914 (0.849-0.952), proximal 0.951 (0.913-0.973), distal 0.935 (0.884-0.964).]




4 Discussion

The main findings of our study are as follows (1): In patients with T2DM with acute cerebral ischemia, the adjusted risk of total and proximal intracranial plaque burden was significantly higher in males than in females (2). Treatment for diabetes has a sex-specific effect on the burden of intracranial proximal plaques. Females treated with glucose-lowering drugs experienced a more significant reduction in proximal intracranial plaque burden compared to males. Notably, we found that more than 85% of the intracranial culprit plaques in both male and female patients were located proximally in this study. This was similar to the findings of Wu et al. In a case-control study using VW-MRI to identify intracranial plaques, data showed that most of the culprit plaques in the first-time and recurrent stroke groups were located in the proximal segment of the artery (13). Similar results were observed in the distribution of culprit plaques in coronary and internal carotid arteries. Internal carotid artery bulbar (proximal) plaque is associated with the risk of major adverse cardiovascular events (14). Culprit plaques that cause acute myocardial infarction tend to accumulate at the proximal segment of the coronary branches (left anterior descending and left circumflex branches) (15, 16). It follows that understanding how to reduce the plaque burden in these areas may help reduce the risk of cerebrovascular disease. Further prospective studies are needed to confirm these preliminary results and provide evidence for improved management of gender-related clinical differences in T2DM.

Data from Western European and Asian populations suggest that the prevalence of T2DM is higher in men than in women (17). The prevalence of T2DM increases with age in both sexes (18). In individuals aged >63 years, the prevalence of T2DM as well as the incidence of atherosclerotic disease rises sharply, especially in women (19). This trend may be partly attributed to the influence of estrogen (20). T2DM has been reported to be associated with a higher number of vessel wall lesions in the anterior circulation (RR = 1.67; 95%CI, 1.20–2.33) (21) and an increased number of intracranial artery stenoses (OR = 2.4; 95%CI, 1.04–5.57, P = 0.04) (22), suggesting that the burden of atherosclerosis is strongly associated with the prevalence of T2DM. We found that the sex difference in intracranial atherosclerosis burden had a similar trend to that in the prevalence of T2DM. In our study population with a mean age of 61.15 years, both overall and proximal plaque burdens were significantly higher in men with T2DM compared to women. On the one hand, this disparity may be related to the cardiovascular protective effects of estrogen in early postmenopausal women (23). Autopsy studies have found that the prevalence of ICAS increased in women after the age of 65 years, gradually reaching levels comparable to those observed in men (24). Estrogen can delay the onset of atherosclerotic plaques (25). Our results are similar to those of a recent 7T-MRI-based in vivo study, wherein Shozushima et al. reported that the coexistence of plaque in anterior and posterior intracranial circulation was associated with male sex in patients with type 2 diabetes mellitus, with a mean age of 53.2 ± 6.3 years (26). Even in the extracranial carotid artery, males with T2DM have a higher severity of atherosclerosis, as measured by carotid intimal thickness and plaque score, compared to females (27, 28). On the other hand, in subgroup univariate analysis, we found no significant differences in total, proximal, and distal intracranial plaque burdens between male and female patients not treated for diabetes mellitus, whereas in the treatment group, the total and proximal intracranial plaque burdens were higher in male patients than in female patients, which resembles the sex differences in intracranial plaque burdens in the overall study population. Although the cardiovascular protective effects in women may extend to those with type 2 diabetes (1), the hormonal anti-inflammatory and neuroprotective effects of hormones in older women diminish with the gradual decrease in estrogen levels in postmenopausal women, coupled with the high-inflammatory environment produced by diabetes (25). Therefore, in this study population, anti-diabetes treatment has a potential impact on sex differences in intracranial plaque burden.

The high burden of ICAS may be an independent biomarker reflecting long-term vascular risk (8). Although sex differences in the incidence and mortality of adverse cardiovascular events in patients with T2DM have been identified, there have been few studies on sex-specific impacts of hypoglycemic drug interventions, particularly on direct outcomes or surrogate endpoints such as cerebral atherosclerotic burden. Our study provides important evidence in this regard. We found a significant gender-specific effect of glucose-lowering therapy on the reduction of proximal plaque burden in intracranial arteries. Considering that most of the culprit plaques causing ischemic symptoms are located proximally, further prospective studies are needed to determine whether women have a more favorable cerebrovascular risk reduction after treatment compared to men. Such findings would be instrumental in guiding gender-tailored treatment strategies for individuals with T2DM. In particular, previous studies have found that glycemic control is more challenging in women, especially older women, than in men (25).

Studies have shown that estrogen mediates endothelial function and improves atherosclerosis by acting on estrogen receptors, and the expression of estrogen receptors in vascular smooth muscle and endothelial cells is higher in women than in men (29). In addition, hyperglycemia-induced overproduction of reactive oxygen species (ROS) triggers persistent epigenetic changes in proinflammatory factors. This phenomenon, known as “hyperglycemic memory,” drives the persistent expression of these factors even after the normalization of blood glucose levels. It is suggested that this metabolic memory mediates the inflammatory responses that cause persistent endothelial cell damage even when blood glucose levels are lowered after treatment, thereby influencing the progression of atherosclerotic lesions (30, 31). In women with diabetes mellitus, effective control of hyperglycemia may activate the estrogen receptor α pathway, which is known to mediate the antiproliferative effects on vascular endothelial cells (32), protect endothelial cells from ROS, inhibit their activity, and impede their pro-inflammatory effects, thereby attenuating the atherosclerotic process (33). Therefore, differences in estrogen receptor expression may be able to explain the observed sex-specific associations between atherosclerotic burden and antidiabetic therapy in our study.

In addition, we observed that in the treatment group, women (HbA1c < 7%) showed better glycemic control compared to men (HbA1c > 7%) (Supplementary Table S1). Strang et al. found that after two years of cardiovascular disease prophylaxis, targeting glycosylated hemoglobin levels below 7% (53 mmol/mol), atherosclerosis resolved in patients with type 2 diabetes mellitus (9.6% reduction in wall volume, P = 0.016) (34). Similarly, Huang et al. found that compared to patients with diabetes with controlled glycemia, those with uncontrolled glycemia (HbA1c level ≥ 7.0%) had significantly greater maximum plaque length (P < 0.05) (3). These results suggest that the degree of glycemic control affects the severity of intracranial atherosclerotic disease (35). Shah et al. found that poorer glycemic control was independently associated with carotid atherosclerosis progression in young patients with type 2 diabetes, and that this adverse effect was more pronounced in men (36). In addition, although not statistically significant, we found that the percentage of regular treatment was higher in females than in males in our study, which may suggest that treatment adherence is higher in females than in males. A retrospective cohort study in Japan that included 884 patients with T2DM found that male sex was an independent risk factor for poor adherence to oral hypoglycemic medications (37). Conversely, another study reported higher medication adherence among men with T2DM compared to women (38). Although the relationship between sex and medication adherence remains to be determined, variations in glycemic control as well as treatment adherence in this study may provide additional explanations for the observed sex differences in the burden of intracranial atherosclerosis. Notably, sex differences in drug management and treatment response for T2DM suggest that undertreatment is a major issue for women. This explains why women with T2DM have a relatively poor prognosis for macrovascular complications such as stroke (25). In our study, the interaction analysis examining the burden of ICAS in relation to sex and treatment in patients with T2DM with acute cerebrovascular disease showed that women may be more likely to benefit from aggressive diabetes treatment strategies.

This study also had some noteworthy limitations. First, there was an imbalance in the number of male and female participants, which may be related to several reasons, such as differences in the prevalence of T2DM as well as cerebrovascular disease, bias in receiving timely imaging evaluations, or variations in willingness to participate in the study. Second, the retrospective cross-sectional nature of the study with a relatively small sample size restricts our ability to draw causal inferences from the observed results. Therefore, future studies should adopt a prospective longitudinal experimental design with a more balanced representation of male and female participants; include detailed information on sex hormones and menopausal status in patients with T2DM; and analyze the sex differences in macrovascular complications, plaque burden, and treatment outcomes in a more representative patient cohort. Third, the duration of diabetes in this study was based on the timing of the first diagnostic test. Since patients may rarely go to the hospital for blood glucose testing until symptom onset, the actual duration of diabetes could be underestimated. In addition, we did not collect patient information about pre-diabetes, which may also influence the assessment of atherosclerosis burden. Finally, the patients included in the study were from an Asian population; hence, the results need to be interpreted with caution in other ethnic groups.




5 Conclusion

Male patients with T2DM who experienced acute cerebrovascular disease had a significantly higher adjusted risk of intracranial total and proximal atherosclerotic burden compared to female patients. Furthermore, Female patients undergoing antidiabetic treatment have a significantly reduced risk of proximal plaque compared to males.
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Background

While numerous epidemiological studies on body fat and diabetes already exist, there remains a scarcity of evidence regarding gender differences within hypertensive populations. The aim of this study was to examine gender-specific differences in the association of body fat percentage (BFP) with diabetes.





Methods and results

This cross-sectional study encompassed 14,228 hypertensive patients from the Chinese Hypertension Registry. An easily obtainable anthropometric parameter, Clínica University de Navarra-Body Adiposity Estimator (CUN-BAE) equation was used to calculate body fat percentage (BFP). Diabetes was defined as the self-report of a previous diagnosis of diabetes, fasting blood glucose ≥ 7.0mmol/l, and the use of antidiabetic agents. The average BFP was 24.5% in men and 37.0% in women. Multivariate logistic regression analysis revealed a dose-dependent relationship between BFP and the risk of diabetes in men (odds ratio [OR] 1.09, 95% CI 1.07, 1.11) and women (OR 1.06, 95% CI 1.04, 1.07) while considering BFP as a continuous variable. After taking BFP as the quartile across different genders, compared with Q1 group, the risk of diabetes in Q4 group increased 176% (OR 2.76, 95% CI 2.15, 3.55) in men and 66% (OR 1.66, 95% CI 1.36, 2.03) in women. Furthermore, the positive association was found to be more significant in men, whether BFP was considered a continuous variable (P for interaction = 0.016) or a categorical variable in quartiles (P for interaction = 0.008). In addition, the positive association between BFP and diabetes remained consistent across various subgroups.





Conclusion

BFP is positively associated with the increased risk of diabetes in hypertensive population, especially in men.





Keywords: body fat percentage, diabetes, gender difference, hypertension, cohort study





Introduction

Approximately 11.9% of Chinese adults are affected by diabetes, and this number is steadily increasing. However, in China, only 38.0% of diabetes cases are properly recognized, with 34.1% receiving treatment and 33.1% having their blood glucose levels effectively controlled (1). Hyperglycemia is recognized for triggering various vascular complications and increasing oxidative stress through multiple pathways (2). Atherosclerosis, a leading cause of mortality in diabetes patients, is primarily associated with natural and modified lipids (3–5). Furthermore, obesity, characterized by an excessive proportion of body fat, is closely linked to the risk of diabetes (6, 7). Research conducted about 20 years ago underscored body mass index (BMI) as an independent predictor of diabetes (8). Bariatric surgery has been identified as a promising method for achieving diabetes remission (9). In conclusion, obesity not only poses a significant risk for diabetes and cardiovascular disease but also contributes to premature mortality and disability in the population at large (10–12).

To accurately assess the complexity of obesity, there is a pressing need for more precise indicators. Although the BMI is widely utilized and easily accessible, its simplicity hinders its ability to capture the multifaceted nature of obesity. BMI relies solely on height and weight measurements, failing to differentiate between fat and muscle mass or account for the distribution of body fat. Recognizing the limitations of BMI, recent findings have challenged its effectiveness in predicting health risks, such as diabetes (13, 14). Research by Lu et al., involving 5860 Chinese participants, revealed that increased BMI alone, without abdominal obesity, did not significantly correlate with the risk of type 2 diabetes. Conversely, individuals with abdominal obesity experienced a 55% increase in the incidence of type 2 diabetes (15). Such limitations have prompted the exploration of alternative obesity indicators. Given the crucial role of fat accumulation in the pathogenesis of diabetes, it is imperative to explore a new fat index. Notably, body fat percentage (BFP) has demonstrated greater accuracy than BMI in measuring obesity, particularly central obesity, and has shown improved predictive capabilities for certain diseases (16, 17).

Previous studies have explored the relationship between BFP and diabetes risk under different backgrounds (18, 19). However, whether the relationship between them in patients with hypertension is the same as that of other populations is still rarely explored. Given the significant differences in BFP levels between men and women due to variations in sex hormones and body fat distribution, the association between BFP and diabetes has seldom been investigated across different genders. Therefore, we conducted a cross-sectional study to explore the association between BFP and diabetes risk and the gender differences in hypertensive population.





Methods




Study population

The protocol was obtained from the China H-type Hypertension Registry Study (registration number: ChiCTR1800017274). The trial design and methods have been previously introduced. This is a real-world observational study that was registered in August 2018 in China. Eligible subjects were hypertensive patients aged 18 and over. The exclusion criteria for this study include the following: (1) Inability to provide informed consent due to psychological or nervous system damage. (2) Inability to comply with the study’s follow-up protocol or planning to relocate in the near future. (3) Patients evaluated by the investigator who were deemed unsuitable for inclusion or long-term follow-up. All participants provided written informed consent. But since our investigation is mainly conducted in rural areas, the majority of participants are aged between 50-70 years old (Table 1).

Table 1 | Clinical characteristics of the study population according to body fat percentage among men and women.


[image: A detailed table compares various health and demographic variables between men and women across different body fat percentage quartiles. Categories include age, BMI, smoking and drinking habits, physical activity levels, blood pressure, laboratory results, medical history, and medication use, with associated statistical p-values. Data is expressed as means, standard deviations, medians, and percentages.]
This study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of the Institute of Biomedical Sciences, Anhui Medical University (Ethics NO. CH1059), and the Second Affiliated Hospital of Nanchang University (Ethics NO. 2018019). All patients provided signed informed consent before participating in this study.

A total of 14234 patients with hypertension met the inclusion and exclusion criteria. After excluding patients with missing BFP data (n=5) and abnormal BMI values (n=1), 14228 subjects were included in the final analysis (Figure 1)

[image: Flowchart showing analysis of 14,234 hypertensive patients. Six were excluded due to missing body fat data and abnormal BMI, leaving 14,228 analyzed. These are divided into 6,719 males and 7,509 females. Each gender is further divided into four quartiles based on numerical ranges provided.]
Figure 1 | Flow chart of participants.





Clinical characteristics

Demographic characteristics (gender and age), lifestyle variances (smoking status, drinking status, and physical activity), and medical history (diabetes, heart failure, hyperlipidemia, hypertension, and medication use) were gathered by trained specialized researchers. Blood pressure (BP) was measured using automatic electronic equipment (Omron; Dalian, China). Following a 10-minute rest, both systolic blood pressure (SBP) and diastolic blood pressure (DBP) were recorded, and the average values from three blood pressure measurements were documented.

Fasting venous blood samples were collected from all subjects. Subsequently, the blood samples were frozen and dispatched to the Shenzhen Biaojia Biotechnology Laboratory for analysis. Fasting blood glucose (FPG) and fasting blood lipids, including total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), and triglycerides (TG), were analyzed using the Beckman Coulter automatic clinical analyzer. The homocysteine (Hcy) was measured using automatic clinical analyzers (Beckman Coulter, USA). The glomerular filtration rate (eGFR) was estimated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation.





Body composition assessment

The height, weight, and waist circumference (WC) of the study subjects were measured by trained researchers using standardized equipment. BMI was calculated by dividing the weight (in kilograms) by the square of the height (in meters). BFP was estimated using the Clínica University de Navarra-Body Adiposity Estimator (CUN-BAE) equation: BFP = -44.988 + (0.503 × age) + (10.689 × sex) + (3.172 × BMI) - (0.026 × BMI2) + (0.181 × BMI × sex) - (0.02 × BMI × age) - (0.005 × BMI2 × sex) + (0.00021 × BMI2 × age) (20). In this equation, a male gender is represented as 0, while a female gender is represented as 1. This formula has been utilized in various clinical research studies.

Since the recommended reference range of BFP for the Chinese population is currently unavailable, we will categorize the research subjects based on gender. They were divided into four groups according to BFP quartiles for each gender. For men, the BFP quartiles were defined as follows: below 21.7% (quartile 1), 21.7% - 24.5% (quartile 2), 24.5% - 27.2% (quartile 3), and 27.2% and above (quartile 4). In women, the BFP quartiles were: below 34.3% (quartile 1), 34.3% - 37.0% (quartile 2), 37.0% - 39.9% (quartile 3), and 39.9% and above (quartile 4)





Definition of diabetes and blood glucose measurement

We used the Beckman Coulter automatic clinical analyzer to measure the subjects’ fasting blood glucose level. Diabetes in this study was defined as self-reported previous diagnosis of diabetes or fasting blood glucose ≥ 7.0 mmol/L and use of glucose-lowering drugs.





Statistical analysis

For normally distributed continuous variables, data are typically presented as mean ± standard deviation (SD). In contrast, for continuous variables with a skewed distribution, data are usually presented as median (25th-75th percentile), while categorical variables are often depicted as count (%). In this study, a descriptive analysis was conducted based on the quartiles of BFP. The differences between gender groups were compared using either an ANOVA test or a chi-square test. The dose-response relationship between BFP and the risk of diabetes was assessed using a generalized additive model (GAM) and adjusted penalized spline method. A Multivariate logistic regression model, including odds ratio (OR) and 95%CI confidence interval, was utilized to control for the main covariates across three models and establish an independent association between BFP and diabetes risk. The models were as follows: Model 1: Crude model; Model 2: adjusted for age, physical activity, current smoking, and current drinking; Model 3: adjusted for age, SBP, DBP, current smoking, current drinking, physical activity, Hcy, TG, HDL-C, LDL-C, and eGFR, stroke, coronary heart disease (CHD), antihypertensive drugs, lipoprotein-lowering drugs. Furthermore, the potential interaction between BFP and diabetes was examined through stratified analysis and an interaction test.

All data analyses were conducted using the statistical package R (http://www.r-project.org) and Empower(R) (www.empowerstats.com; X&Y Solutions, Inc., Boston, MA). A two-tailed P < 0.05 was considered statistically significant.






Result




Baseline characteristics

A total of 6,719 male and 7,509 female hypertensive patients were included in the final analysis. The findings presented in Table 1 reveal that men with higher BFP tend to be younger, non-smokers, have elevated levels of DBP, TC, TG, LDL-C, a higher prevalence of diabetes, and lower levels of HDL-C. Conversely, there was no significant statistical difference observed in current drinking habits and levels of SBP and eGFR. On the other hand, among women, the results slightly differ, as individuals with higher BFP are older and have lower levels of eGFR.





Association of BFP with diabetes

As shown in Figure 2, BFP was significantly positively associated with the risk of diabetes for both men and women. Table 2 indicates that there is a dose-dependent relationship between BFP and diabetes risk. Regardless of whether the confounding factors were adjusted for, BFP of different genders was positively associated with the risk of diabetes (P <0.001). With BFP as the continuous variable, the risk of diabetes increased by 9% in the fully adjusted model in men (OR 1.09, 95% CI 1.07, 1.11), and the risk increased by 6% (OR 1.06, 95% CI 1.04, 1.07) in women. BFP was further divided into quartiles, in the men fully adjusted model, compared with Q1 (<21.7%), the risk of diabetes increased by 51% (OR 1.51, 95% CI 1.17, 1.94) in Q2 (21.7% -24.5%), 94% (OR 1.94, 95% CI 1.51, 2.49) in Q3 (24.5% -27.2%) and 176% (OR 2.76, 95% CI 2.15, 3.55) in Q4 (≥ 27.2%). In the fully adjusted women quartile model, compared with Q1 (<34.3%), there was no significant difference in the risk of diabetes in Q2 (34.3% -37.0%) group (OR 1.20, 95% CI 0.98, 1.47), while the risk in Q3 (37.0% -39.9%) increased by 57% (OR 1.57, 95% CI 1.29, 1.91), and 66% (OR 1.66, 95% CI 1.36, 2.03) in Q4 (≥ 39.9%). Although the positive association between BFP and diabetes is stable, there is still gender difference. Whether using BFP as a continuous variable (P = 0.016 for interaction) or a categorical variable in the quartile (P = 0.008 for interaction).

[image: Two line graphs compare the adjusted log-odds ratios for diabetes mellitus against body fat percentage. Graph A (left) shows a trend from 15 to 35 percent body fat, and Graph B (right) from 30 to 45 percent. Both graphs depict an upward trend, with shaded areas indicating confidence intervals.]
Figure 2 | Dose-response relationship between body fat percentage and diabetes among men (A) and women (B). Models were adjusted for age, SBP, DBP, current smoking, current drinking, physical activity, Hcy, TG, HDL-C, LDL-C, and eGFR. stroke, CHD, antihypertensive agents, lipid-lowering agents.

Table 2 | Association between body fat percentage and diabetes mellitus among men and women.


[image: Table comparing body fat percentage with diabetes events for men and women. It includes odds ratios and P values across three models for each gender, divided into quartiles of body fat percentage. Models adjust for various factors like age, activity, and smoking. Results highlight higher odds ratios in higher quartiles, indicating increased diabetes risk with higher body fat. Significant P values suggest strong associations.]




Subgroup analysis

We conducted an analysis to investigate the relationship between BFP and diabetes within various subgroups (Figure 3), including age, BMI, SBP, current smoking, current drinking, LDL-C, Hcy, and eGFR. Our findings revealed a consistent positive association between BFP and diabetes across all stratified subgroups among women (with interaction P value > 0.05). Although the positive association between BFP and diabetes risk remained constant in men, it was more pronounced in individuals with lower LDL-C (OR 1.14, 95% CI 1.10, 1.17) levels compared to those with higher LDL-C (OR 1.07, 95% CI 1.05, 1.10) levels (P for interaction = 0.004).

[image: Forest plots A and B show odds ratios (OR) with 95% confidence intervals (CI) across various subgroups. Subgroups include age, BMI, blood pressure, smoking, drinking, LDL-C, homocysteine, and eGFR levels. Each subgroup lists the number of events, percentage, OR, and P for interaction, accompanied by graphical representations of ORs with confidence intervals.]
Figure 3 | Subgroup analyses of the effect of BFP on diabetes among men (A) and women (B). Each subgroup analysis adjusted, if not stratified, for age, SBP, DBP, current smoking, current drinking, physical activity, Hcy, TG, HDL-C, LDL-C, and eGFR. stroke, CHD, antihypertensive agents, lipid-lowering agents.






Discussion

This extensive cross-sectional study, encompassing a substantial sample size of 14,228 participants from the hypertensive population in southern China, revealed there is a positive association between BFP and diabetes. Even after adjusting for potential confounding variables, the association remained statistically significant. Notably, in men, this positive association was more pronounced. Additionally, the positive association between BFP and diabetes was consistent across all subgroups of women, and there is a more significant positive association between the two in men with LDL-C<2.6mmol/L.

There have been numerous speculations and reports on the pathogenesis of obesity and diabetes. As early as 2001, researchers discovered that adipocytes secrete resistin, which initially shed light on the link between obesity and insulin resistance (21). This discovery has since catalyzed the emergence of various research directions and disciplines, delving into mechanisms that lead to adipose tissue inflammation. These investigations include examining the role of adaptive immune cells and the activation and phenotype transformation of macrophages, all of which may contribute to insulin resistance (22).

The accumulation of fat is an important link in the physical damage caused by obesity. BFP has been preliminarily explored as an emerging indicator for evaluating body fat. Previous studies have investigated the connection between BFP and diabetes in various populations. Chen et al.’s study on 3367 Chinese subjects demonstrated a positive association between BFP and diabetes, highlighting BFP as an independent risk factor and a valuable diagnostic indicator for type 2 diabetes (23). Similarly, Peña J et al. found in a study involving 1920 Mexican participants that BFP is a key risk factor for type 2 diabetes, surpassing BMI in predictive value (24). Moreover, a prospective study with 1532 participants revealed a significant positive association between male trunk fat percentage and diabetes incidence, while the association with female trunk fat percentage, although positive, was not statistically significant (25). But as is well known that hypertension is an independent risk factor for diabetes often co-existing with the condition (26), is linked to insulin resistance in hypertensive individuals and serves as a confounding variable associated with overweight and obesity (27–29). High blood pressure can increase the risk of vascular complications in diabetic patients that emphasizing the importance of identifying high-risk hypertensive individuals with diabetes for prevention and management (30, 31). While previous studies have explored various other anthropometric indices for predicting diabetes in hypertensive populations (32), but our study uniquely focuses on the relationship between BFP and diabetes among hypertensive patients and the gender differences within it.

In the elderly population, a distinct gender-specific pattern in BFP distribution is observed. Younger male individuals tend to exhibit higher BFP values, whereas older female individuals demonstrate an opposite trend. This phenomenon can be attributed to age-related hormonal changes: in aging males, declining testosterone levels contribute to alterations in fat distribution patterns and progressive loss of muscle mass, consequently leading to reduced body fat percentage. Conversely, postmenopausal women experience significant estrogen depletion, which promotes visceral fat accumulation in abdominal regions, ultimately resulting in increased BFP. Our research also indicates a stronger positive association between BFP and diabetes in men compared to women. This disparity may stem from differences in male and female hormones or variations in fat distribution (33). Men are more prone to abdominal obesity and higher levels of visceral fat, while women typically accumulate fat in the buttocks and thighs, with a greater proportion of subcutaneous fat (34). Consequently, weight gain in men often results from increased visceral fat, which may significantly elevate the risk of diabetes. Research has found that fat in gluteus–femoral area in overweight and obese women has a protective effect on glucose and lipid related cardiac metabolic risks. Compared with subjects with widespread distribution of visceral fat, hip and thigh fat are associated with a beneficial fat factor profile and fewer pro-inflammatory molecules (35, 36). This distribution may offer protective effects against glucose and fat-related cardiac metabolic diseases (37). The study also confirmed that people with type 2 diabetes respond less to obesity treatment than those without type 2 diabetes, especially males. Women respond better to treatment than men (38). This could explain the heightened association between BFP and diabetes in men. Our findings also suggest that in men with lower LDL-C levels, the positive association between BFP and diabetes is more pronounced. Traditional treatments often involve lowering LDL-C to less than 2.6 mmol/L, or even lower, particularly for patients with known cardiovascular diseases or at high risk (39). However, intensive statin therapy may elevate the risk of developing diabetes (40, 41). Studies propose that patients with lower LDL-C levels may become complacent, adopt poorer lifestyles, gain weight, and subsequently develop diabetes. Additionally, impaired insulin secretion and intensified insulin resistance may contribute to this phenomenon (42).

This cross-sectional study, offers insights into the gender differences within the association between BFP and diabetes among hypertensive patients that less-explored. The study’s emphasis on a homogeneous population of hypertensive patients enhances result reliability, and detailed subgroup analyses contribute to result stability. However, this article also has certain limitations. Dual energy X-ray absorption or bioelectrical impedance analysis is considered the gold standard for measuring BFP (43). The formula we use to calculate BFP has been applied in multiple articles and is easier to obtain in clinical practice. But it still cannot achieve the same status as the gold standard (44). And the hypertensive participants enrolled in our study were not stratified according to the etiology of hypertension, including both primary and secondary hypertension cases. Secondly, this study is a cross-sectional study, which means that the results could not establish a causal relationship between BFP and diabetes. Despite performing multivariate corrections, it remains challenging to eliminate potential confounding factors. And we did not gather more detailed information about subjects, such as dietary structure. As a result, we cannot ascertain whether these factors have a regulatory effect on the association between BFP and the risk of diabetes. Lastly, this study focuses solely on the hypertensive population in southern China, raising uncertainties about the generalizability of the conclusions to other populations.





Conclusion

BFP shows a positive association with the risk of diabetes among hypertensive patients in southern China. This association is notably stronger in men compared to women. It is recommended that men should pay more attention to changes in BFP than women. Further longitudinal studies are required to unveil the underlying mechanisms and establish a causal relationship between the two variables.
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Background

Diabetic cardiomyopathy (DC) is a serious complication in patients with type 1 diabetes mellitus and has become a growing public health problem worldwide. There is evidence that endoplasmic reticulum stress (ERS) is involved in the pathogenesis of DC, and related diagnostic markers have not been well-studied. Therefore, this study aimed to screen ERS-related genes (ERGs) with potential diagnostic value in DC.





Methods

Gene expression data on DC were downloaded from the GEO database, and ERGs were obtained from The Gene Ontology knowledgebase. Limma package analyzed differentially expressed genes (DEGs) in the DC and control groups, and then integrated with ERGs to identify ERS-related DEGs (ERDEGs). The ERDEGs diagnostic model was developed based on a combination of LASSO and Random Forest approaches, and the diagnostic performance was evaluated by the area under the receiver operating characteristic curve (ROC-AUC) and validated against external datasets. In addition, the association of the signature genes with immune infiltration was analyzed using the CIBERSORT algorithm and the Spearman correlation test.





Results

Gene expression data on DC were downloaded from the GEO database and ERGs were obtained from the Gene Ontology Knowledgebase. Limma package analysis identified 3100 DEGs between DC and control groups and then integrated with ERGs to identify 65 ERDEGs. Four diagnostic markers, Npm1, Jkamp, Get4, and Lpcat3, were obtained based on the combination of LASSO and random forest approach, and their ROC-AUCs were 0.9112, 0.9349, 0.8994, and 0.8639, respectively, which proved their diagnostic potential in DC. Meanwhile, Npm1, Jkamp, Get4, and Lpcat3 were validated by external datasets and a mouse model of type 1 DC. In addition, Npm1 was significantly negatively correlated with plasma cells, activated natural killer cells, or quiescent mast cells, whereas Get4 was significantly positively correlated with quiescent natural killer cells and significantly negatively correlated with activated natural killer cells (P < 0.05).





Conclusions

This study provides novel diagnostic biomarkers (Npm1, Jkamp, Get4, and Lpcat3) for DC from the perspective of ERS, which provides new insights into the development of new targets for individualized treatment of type 1 diabetic cardiomyopathy.





Keywords: type 1 diabetes, diabetic cardiomyopathy, endoplasmic reticulum stress, immune infiltration, bioinformatics, marker genes





Introduction

Type 1 diabetes mellitus is a chronic metabolic disease that threatens global health, with the latest epidemiology showing that it accounts for about two percent of the nearly 500 million total diabetes mellitus worldwide and is rising for some unknown reason (1, 2). Persuasive studies show that cardiovascular complications are the dominant cause of morbidity and mortality in Type 1 diabetes mellitus (3, 4). Diabetic cardiomyopathy (DC) is defined as structural and functional abnormalities of the heart in the absence of coronary artery disease, hypertension, and valvular heart disease, manifested by diastolic and systolic dysfunction, and ultimately progressing to heart failure, arrhythmias, and even sudden death from cardiogenic shock (5, 6). Potential mechanisms include oxidative stress, inflammation, and calcium impairment, as well as alterations in substrate metabolism/utilization, insulin signaling, gene regulation, mitochondrial dysfunction, endoplasmic reticulum stress (ERS), neurohumoral activation, and cell death (7). Currently, there is no specific treatment for DC, and a large number of patients irreversibly progress to heart failure. Therefore, it is crucial to identify effective biomarkers for early diagnosis and treatment.

The endoplasmic reticulum (ER) of mammalian cells serves as the primary site for protein folding and assembly, establishing its role as “the core organelle that ensures normal cell function” (8). Under normal conditions, misfolded proteins in the body trigger an unfolded protein response (UPR) within the endoplasmic reticulum lumen, effectively mitigating the adverse effects of misfolded proteins and potentially preventing disease onset (8, 9). However, it is important to note that in the presence of metabolic diseases such as diabetes, ocular conditions like age-related macular degeneration and retinitis pigmentosa, or cardiovascular diseases, liver disease and even cancer, factors such as oxidative stress, metabolic abnormalities, and Ca2+ dysregulation become widely activated (8, 10–13). These factors can lead to a significant increase in unfolded and misfolded proteins, resulting in the overactivation of the unfolded protein response and consequently inducing endoplasmic reticulum stress (8, 14–17). Following the occurrence of endoplasmic reticulum stress, downstream pathways are primarily activated through three signaling proteins: inositol-requiring protein-1α (IRE1α), protein kinase RNA-like ER kinase (PERK), and activating transcription factor 6 (ATF6) (18–20). These pathways ultimately inhibit protein synthesis, regulate gene expression, and determine cell fate, including processes such as apoptosis. In summary, endoplasmic reticulum stress serves as a sensitive sensor for the onset of disease and plays a crucial role in determining the final fate of cells. A significant number of studies have indicated that diabetic cardiomyopathy, a serious condition characterized by various risk factors including oxidative stress, metabolic abnormalities, and Ca2+ overload, is closely associated with endoplasmic reticulum stress (21–23). Furthermore, many investigations have highlighted that endoplasmic reticulum-related genes may serve as early markers of ischemic heart disease and play a crucial role in its pathophysiology (24, 25). Building on this foundation, we propose the scientific research hypothesis that endoplasmic reticulum-related genes may be involved in the progression of diabetic cardiomyopathy and could potentially serve as predictive markers for identifying intervention targets.

Many recent studies have emphasized that immune responses and ERS crosstalk with each other and are fundamentally and comprehensively intertwined (26–28). The effects of ERS include direct defense against microbial pathogens, production of pro-inflammatory cytokines, presentation of antigens to T cells, immunogenic cell death, metabolic homeostasis, and maintenance of immune tolerance (29). Effective immunity depends on endoplasmic reticulum homeostatic processes such as calcium signaling, glycosylation, lipid metabolism, and oxidative protein folding (30). During transient ER stress, all three signaling pathways of the UPR can crosstalk with inflammatory and stress signaling pathways, including nuclear factor-kappa B (NF-κB), a major transcriptional regulator of innate immunity (31). In view of this, ERGs and transcriptomic data on type 1 DC were collected from public databases, and ERS-related differentially expressed genes (ERDEGs) between DC and control samples were identified, which screened potential ERS-related diagnostic markers, providing new ideas for the diagnosis and treatment of DC.





Result




Identification and functional enrichment analysis of differentially expressed genes

To increase the sample size for enhanced confidence and reliability of the results, GSE155377, GSE210611, and GSE123975 were combined into one cohort, which ultimately consisted of 13 control samples and 13 DC samples. Box plot analysis (Figures 1A, C) and PCA (Figures 1B, D) indicated that batch effects were successfully eliminated. The batch-corrected PCA analysis showed that the data distribution tended to be uniform across the datasets, implying that normalization might be completed correctly. A total of 3100 DEGs were identified, of which 1662 were down-regulated and 1438 were up-regulated (Figure 1E). In addition, gene set enrichment analysis revealed that the biological processes (BP) involved in DC mainly consisted of complement activation, eosinophil migration, regulation of vascular endothelial growth factor production, response to cold and vascular endothelial growth factor production (Figure 1F). Cellular components (CC) involved in DC mainly consisted of collagen-containing extracellular matrix、external encapsulating structure, extracellular matrix, extracellular region and extracellular space (Figure 1G). molecular functions (MF) involved in DC mainly consisted of chemoattractant activity, endopeptidase inhibitor activity, endopeptidase regulator activity, peptidase inhibitor activity and thioester hydrolase activity (Figure 1H). The active Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were mainly biosynthesis of unsaturated fatty acids, fatty acid elongation, malaria, ovarian steroidogenesis, and PPAR signaling pathways (Figure 1I).
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Figure 1 | Identification and functional enrichment analysis of DEGs. (A-D) Boxplots and PCA were applied to visualize the batch correction effect before (A, B) and after (C, D) batch effect removal. (E) Volcano plot of DEGs. Blue and red dots indicate significantly up-and down-regulated genes, respectively, while gray dots indicate genes with no significant difference. (F) Top ten biological processes active in DC. (G) Top ten cellular components active in DC. (H) Top ten molecular functions active in DC. (I) Top ten KEGG pathways active in DC.





Identification and functional annotation analysis of endoplasmic reticulum stress-related differentially expressed genes

Sixty-five ERDEGs were obtained by crossing 345 ERGs with DEGs (Figure 2A). Of these, 35 were up-regulated and 30 were down-regulated (Figure 2B). Functional annotation analysis was applied to further explore the functions of ERDEGs, and as a result, many terms related to ERS were enriched. The BP was mainly enriched for response to ERS, cellular response to topologically incorrect protein, and cellular response to unfolded protein (Figure 2C), suggesting that their perturbation may mediate the pathogenesis of DC. The CC was mainly enriched for the endoplasmic reticulum lumen, organelle outer membrane, protein folding chaperone complex, etc. (Figure 2D). The MF was significantly enriched for unfolded protein binding, protein-folding chaperone binding, and misfolded protein binding (Figure 2E). Of particular note, KEGG analysis revealed that the top-ranked pathway was protein processing in the endoplasmic reticulum (Figure 2F).

[image: A composite image with six panels labeled A to F. Panel A is a Venn diagram showing overlap between ERGs (280) and DEGs (3035), with 65 overlaps. Panel B is a heatmap displaying gene expression with color variations indicating changes, categorized by control and DC groups. Panel C is a dot plot of biological processes with dot size and color denoting gene ratio and p-values. Panel D is a dot plot of cellular components, similarly coded. Panel E shows molecular function with the same coding. Panel F is a KEGG pathway plot, highlighting gene ratios and p-values for various pathways.]
Figure 2 | Identification and functional annotation analysis of ERDEGs. (A) Venn diagram illustrating the overlap region between DEGs and ERGs in DC. (B) Heatmap demonstrating the expression levels of ERDEGs in each sample. (C-E) Dot plots of the top 10 highest enrichment levels for biological processes, cellular components, and molecular functions. (F) Dot plots of the top 10 pathway terms with the highest enrichment levels identified by KEGG analysis.





Identification and ROC analysis of ERS-related signature genes by LASSO algorithm and RandomForest

When LASSO was constructed based on 10-fold cross-validation, the minimum error value corresponded to 12 signature genes, including Pik3r1, Tomm20, Prkn, Rasgrf2, Sgta, Scamp5, Rcn3, and Pdia3 (Figures 3A, B). Using 0.25 as the importance score threshold, 18 signature genes were obtained, including Npm1, Jkamp, Get4, Lpcat3, Ppp2cb, Mkks, Clpx, Bcl2l1, Ube2g2, Flot1, Ppp1r15a, Nfe2l2, Rpap2, Srpx, Calr3, Serpinh1, Hspb1, and Herpud2 (Figure 3C). Npm1, Jkamp, Get4, and Lpcat3 are signature genes common to LASSO and RandomForest (Figure 3D). Among them, Jkamp was down-regulated in DC (Figure 3E) and all other genes were up-regulated (Figures 3F–H). Significant positive correlations were observed between Lpcat3 or Get4 and Npm1, and between Lpcat3 and Get4, whereas significant negative correlations were observed between Jkamp and the other three genes (Figure 3I). ROC-AUCs of the four signature genes in the combined dataset were all greater than 0.75, indicating excellent diagnostic capability (Figure 3J).

[image: A collage of scientific data visualizations:   A) A plot showing model deviance against Log Lambda in a LASSO regression analysis.   B) A graph of coefficient paths as a function of Log Lambda.   C) A variable importance chart indicating MeanDecreaseGini values for several variables.   D) A Venn diagram illustrating overlap between LASSO and Random Forest with 8 unique to LASSO, 14 unique to Random Forest, and 4 shared.   E-H) Box plots displaying values for Jkamp, Npm1, Lpcat3, and Ge14 comparing control and DC groups.   I) A chord diagram visualizing relationships among variables.   J) ROC curves comparing sensitivity and specificity for Npm1, Lpcat3, Ge14, and Jkamp.]
Figure 3 | Selection of signature genes by machine learning algorithms. (A) Schematic diagram of the LASSO regression diagnostic model for ERDEGs. (B) Trajectory diagram describing the LASSO selection variables in the diagnostic model for ERDEGs. (C) Dotplot of relative importance ranking by RandomForest. (D) Venn diagram of common signature genes. (E-H) Boxplots depicting the expression levels of four signature genes in the constructed features. **P < 0.01, ***P < 0.001, ****P < 0.0001. (I) Chord plot illustrating the correlation of the characterized genes. (J) ROC analysis of the four characterized genes.





Correlation of signature genes with infiltrating immune cells

Cumulative histograms showed the relative proportions of 22 immune cells in DC and control samples, with B cells naive, Macrophages M2, T cells CD4 memory resting, and Plasma cells accounting for the majority (Figure 4A). Boxplots of differences in immune cell infiltration showed significantly more B cells naive in the DC group than in the control group (P < 0.05; Figure 4B). The heatmap displayed the correlation between the 22 immune cell types (Figure 4C). The correlation of Jkamp and Lpcat3 with 22 immune cell types was not statistically significant (Figures 4D, F). Npm1 showed a significant negative correlation with Plasma cells, natural killer cells activated, or Mast cells resting (Figure 4E). Get4 showed a significant positive correlation with natural killer cells resting and a significant negative correlation with natural killer cells activated (Figure 4G).

[image: Figure A shows a stacked bar chart depicting the relative percentages of various immune cell types. Figure B is a box plot comparing immune cell fractions across different groups. Figure C is a heatmap displaying correlations between cell types. Figures D to G present scatter plots with correlation coefficients for genes Jkamp, Npm1, Lpcat3, and Get4 concerning immune cell types, distinguished by p-value color coding.]
Figure 4 | Correlation of signature genes with infiltrating immune cells. (A) Cumulative histograms of the distribution of 22 immune cells in the DC and control groups. (B) Box plots of immune cell expression in control and DC groups. *P < 0.05. (C) Heatmap of correlation between immune cells. (D-G) Lollipop plots of correlation between immune cells and signature genes.





Validation of the expression and diagnostic ability of the signature genes

In the validation dataset, the expression trends of the four signature genes were consistent with those in the training set (Figures 5A–D). All four ROC-AUCs in the validation dataset were greater than 0.75 (Figures 5E–H). Overall, these results suggest that ERS-related signature genes have a predictive ability in the diagnosis of DC.

[image: The image contains eight panels. Panels A to D present box plots showing expression levels of Jkamp, Npm1, and Lpcat3 in control versus DC groups, with statistical significance indicated. Panels E to H show ROC curves for Jkamp, Npm1, Lpcat3, and Get4, each achieving an AUC of 1.000, demonstrating perfect model performance.]
Figure 5 | Validation of the expression and diagnostic ability of the signature genes. (A-D) Box plots showing the expression levels of the four signature genes. (E-H) ROC curves of the four signature genes. *P < 0.05, **P < 0.01.





Validation of four signature genes in a mouse model of type 1 DC

As shown in Figure 6A, the myocardium was significantly damaged in the DC group compared with the control group, as evidenced by disorganized cardiomyocyte arrangement, edema, and inflammatory cell infiltration. As shown in Figure 6B, there were more apoptotic cells in the DC group compared with the control group. As shown in Figures 6C and D, there were obvious fibrotic areas in the cardiac tissue in the DC group compared with the control group. As shown in Figures 6E–H, RT-qPCR was employed to verify the expression levels of the four signature genes in cardiac tissues, which was consistent with the results of bioinformatics analysis.

[image: Histological and graphical data comparison:   A. Tissue sections from control and DC groups stained with hematoxylin and eosin, showing structural differences.   B. Immunofluorescence images indicating protein expression levels.   C. Additional tissue sections with altered coloring suggest different staining methods.   D. Tissue contrast possibly representing different sample characteristics.   E-H. Bar graphs compare mRNA levels of Jkamp, Npm1, Lpcat3, and Get4 between control and DC groups, with significant differences marked by asterisks (****).]
Figure 6 | Validation of signature genes in a mouse model of type 1 DC. (A) Representative HE staining images to assess myocardial injury. The scale bar represents 200 and 100 μm.(n=3) (B) Representative Tunel staining to assess apoptosis. The scale bar represents 100 μm. (n=3) (C, D) Representative Masson staining images and Sirius red staining images to assess collagen fiber area. The scale bar represents 200 μm. (n=3) (E-H) Relative expression levels of mRNA of four signature genes in cardiac tissues by RT-qPCR. The data was presented as mean ± SD, ****P < 0.0001, n = 6.






Discussion

Diabetic cardiomyopathy represents a significant complication of diabetes, with affected patients being 2 to 4 times more likely to develop heart failure or succumb to mortality compared to the general population (23, 32). Given that diabetes is recognized as the most prevalent disease globally, alongside the aging population and shifts in contemporary dietary patterns, the incidence of diabetic cardiomyopathy has shown a concerning upward trend (7, 23, 24, 33, 34). Consequently, it is imperative to investigate early diagnosis and prevention strategies for this condition. In this study, DC samples and ERGs obtained from public datasets identified 65 ERDEGs, from which four signature genes of type 1 DC, including Jkamp, Npm1, Lpcat3, and Get4, were identified by LASSO and Random Forest analyses. Four characteristic genes of diagnostic significance have been discovered to be closely associated with immune cells. Although the four genes we screened currently lack relevant literature confirming directly their relationship with DC, they are significant in the progression or repair of various complications associated with diabetes and cardiovascular disease. This indicates their considerable research potential in the context of DC progression. We will discuss each gene in detail below.

JNK1/mapk8-associated membrane protein (JKAMP/JAMP) is a seven-transmembrane protein situated in the cytoplasmic membrane. It interacts with JNK1 via its C-terminal domain, enhancing and prolonging JNK1 activity, which in turn increases the incidence of JNK-dependent apoptosis (35). This apoptotic process has been established as a critical factor in DC and is recognized as a consequence of ERS (36–39). Furthermore, studies examining other systemic complications of diabetes, such as diabetic osteoporosis, have confirmed that the overexpression of JKAMP appears to mitigate the adverse effects of hyperglycemia through the activation of the Wnt signaling pathway (40). These phenomena suggest that JKAMP may influence the progression of DC by modulating ERS. Nucleophosmin 1 (NPM1) is a multifunctional nucleophosmin with shuttling properties involved in a variety of cellular functions, including participation in liquid-liquid phase separation, ribosome biogenesis, and histone chaperoning and transcriptional regulation (41). Although a direct link between NPM1 and DC has not yet been established, existing evidence suggests that NPM1 can significantly influence macrophage polarization, thereby impacting the repair processes of cardiomyocytes (42). During the progression of DC, which is characterized as a typical metabolic and immune-related cardiovascular disease, the polarization of macrophages by NPM1 may represent a critical mechanism (43). LPCAT3, a gene widely expressed in key metabolic tissues such as the liver, small intestine, skeletal muscle, macrophages, and adipocytes, has been shown to directly enhance the activation of IRE1α and PERK by altering the phospholipid composition of the endoplasmic reticulum membrane, thereby triggering ERS (44, 45). These processes are regarded as potential targets for the treatment of metabolic diseases (46, 47). Interestingly, several studies have indicated that lpcat3 can significantly influence the expression levels of GPX4, thereby regulating the extent of ferroptosis and ultimately impacting the progression of DC (48, 49). Golgi to ER traffic protein 4 (GET4) and Get5 form a complex that competitively binds ribosomes with SRP and directs tail-anchored proteolytic delivery to the endoplasmic reticulum (50). Mutants with GET dysfunction are more susceptible to ERS (51). DC, whether its rate of progression is believed to be significantly influenced by ERS (36–39) or regarded as a classic metabolic disease (23, 43), appears to be inextricably linked to the four aforementioned molecules. Unfortunately, there are currently no definitive studies confirming the relationship between these four molecules and DC; however, this also suggests the research potential of these molecules.

The present study further analyzed immune cell infiltration and revealed that there were significantly more B cells naive in the DC group than in the control group, so it was hypothesized that DC was associated with abnormalities in the immune system. Inhibited activation of the NF-κB signaling pathway in activated B cells decelerated the progression of type 1 DC (52). In addition, this study demonstrated the correlation of Npm1 and Get4 with immune cells, suggesting that they may influence the development of DC by affecting immune cells. Therefore, ameliorating the abnormal immune status may also be a promising therapeutic strategy for DC.

Numerous prior studies on DC have sought to identify potential biomarkers and therapeutic targets for intervention. These investigations frequently emphasize aspects such as immune metabolism, with some specifically addressing the regulation of the immune microenvironment (53–56). ERS is the earliest pathophysiological process to be fully activated in DC (36–38, 57). Molecular markers derived from related molecules appear to possess superior properties for early diagnosis. Furthermore, ERS and the consequent apoptosis of cardiomyocytes represent critical factors influencing the progression rate of DC (36–38, 57). Consequently, the molecular markers identified from these related molecules are more effective as therapeutic targets. However, some existing studies utilize high-throughput technical methods, such as metabolomics and liquid chromatography-mass spectrometry (LC-MS), which appear to play a more significant role in identifying key pathways and molecules involved in DC (58).

Additionally, there are some limitations of this study. Although some studies have indicated that mice are the only mammals that can provide such a rich resource of genetic diversity while also allowing for extensive genome manipulation, making them a powerful tool for modeling human cardiovascular diseases, particularly diabetic cardiomyopathy (23, 59–61). In these models, the trends of various physiological indicators in mice, such as left ventricular contractility and left ventricular ejection fraction, align with those observed in humans, establishing the mouse diabetic cardiomyopathy model as a primary technology for studying this disease (23, 60, 62). However, it is important to note that numerous studies have highlighted significant deviations in conclusions derived from mouse models when translated to clinical and technical applications (23, 63). Furthermore, intervention methods used in humans cannot be fully replicated in diabetic mice (23, 62). Therefore, our study requires further supplementation and validation through clinically relevant research in the future. In addition to this limitation, we also face several shortcomings, including the need for further investigation into the expression and diagnostic value of these four genes at the protein level, as well as the absence of additional experiments to validate the effects of these characteristic genes on immune cells and heart function.







Methods




Data collection

The Gene Ontology (GO) knowledgebase (http://geneontology.org/) was searched to collect ERGs, including regulation of response to endoplasmic reticulum stress (GO:1905897), unfolded protein binding (GO:0051082), response to endoplasmic reticulum stress (GO:0034976), and endoplasmic reticulum unfolded protein response (GO:0030968), and 345 ERGs were obtained after removing duplicates. Gene expression profiling of type 1 DC was obtained from the GEO (http://www.ncbi.nlm.nih.gov/geo) database, including GSE210611, GSE155377, GSE123975, and GSE215979, working according to the flowchart in Figure 7. Among them, GSE210611 (3 CON and 3 DC), GSE155377 (4 CON and 4 DC), and GSE123975 (4 CON and 4 DC) were constructed as a multichip dataset containing 13 CON and 13 DC by R (version 4.3.1) software, and the remove batch effect function of the limma (version 3.60.2) package could be applied to remove batch effects. Principal Component Analysis (PCA) was applied to assess whether the batch effect had been removed. GSE215979 (3 CON and 3 DC) was set as the external validation dataset.

[image: Flowchart showing data analysis process and publication review. The top section outlines a training set from datasets GSE210611, GSE155377, and GSE123975, with analysis methods like DEGs, ERGs, and CIBERSORT, leading to a validation set GSE215979. The bottom section describes a bibliometric analysis of 1546 publications related to kidney injury, identifying 1090 relevant articles, which then leads to further analysis of publications, countries, journals, authors, references, and keywords.]
Figure 7 | Workflow diagram of this study. The training set acquires ERS-related signature genes and performs immune infiltration analysis. In addition, the validation set judges the diagnostic performance of the signature genes.





Identification of differentially expressed genes

DEGs were analyzed between the DC and control groups using the R package “limma” (version 3.60.2) for the multi-chip dataset. Genes filtered according to the threshold |log2fold change(FC)|> 0 and P < 0.05 were selected as DEGs, and volcano plots were generated to visualize the results. In addition, gene set enrichment analysis was utilized to identify the most significant functional terms between the DC and control groups (64).





Screening and functional enrichment analysis of ERDEGs

Draw Venn Diagram (https://bioinformatics.psb.ugent.be/webtools/Venn/) intersected ERGs with DEGs in the multichip dataset to obtain ERDEGs, whose gene expression was demonstrated by heatmaps created with the “pheatmap” package (version 1.0.12). To further elucidate the biological functions of ERDEGs, GO enrichment analysis and KEGG pathway analysis were performed via “ClusterProfiler” (version 4.12.0), whose results were plotted using the “ggplot2” package (version 3.5.1). Screening for BP, CC, MF, and KEGG pathways with P <0.05 (65, 66).





Identification and ROC analysis of ERS-related signature genes by LASSO algorithm

The R package “glmnet” (version 4.1.8) was applied to obtain ERS-related signature genes by the LASSO algorithm with 10-fold cross-validation to determine the optimal value of the penalty parameter λ. LASSO algorithms are often interpreted by cross-validation graphs and regression coefficient path graphs. First, the cross-validation curve is applied to select the optimal lambda value. The X-axis is the logλ of the penalty coefficient, and the Y-axis is the likelihood deviation. The smaller the Y-axis is, the better the fitting effect of the equation is. The top number is the number of variables left in the equation for different λ. There are usually two dotted lines, the lambda with the smallest deviation but the highest model fit (lambda. min) on the left, and the lambda value with the smallest deviation but the more concise model (lambda.1se) on the right. Based on the best prediction performance and feature selection capability, lambda. min is selected in this paper. Second, regression coefficient path graph, each line in the graph represents a variable, the ordinate is the coefficient, and the upper abscissa is the number of non-zero coefficients in the model under different regularization parameters. The lower horizontal coordinate is the normalized normalized parameter. The figure shows the variation trajectories of variable coefficients under different regularization parameters. When the regularization is larger, the complexity of the model is lower, so most parameters will approach 0. We can know which features contribute more or less to the prediction of the model through this figure, and we can initially use the features with greater contributions in subsequent analysis.

Random Forest is an integrated learning method based on decision trees, where multiple decision trees are constructed and their predictions are aggregated for classification or regression tasks to improve overall accuracy and stability (67). One of the most important results of Random Forests in machine learning is the assessment of significance based on the Gini index and the final identification of the featured genes, which can be done with the “RandomForest” (version 4.7.1.1) package of the R software and visualized by drawing dotplots with varImpPlot. The crossover genes of LASSO and Random Forest were then identified as the optimal ERS-associated signature genes for the next step of the study.

ROC analysis was performed to determine the diagnostic validity of the four signature genes with the “pROC” package (version 1.18.5). ROC curve is a curve obtained by plotting the true positive rate and false positive rate, which can reflect the relationship between sensitivity and specificity. The horizontal axis represents the false positive rate (1- specificity) and the vertical axis represents the true positive rate (sensitivity). ROC-AUC reflects the value of diagnostic tests. The larger the area, the closer to 1.0, the higher the diagnostic authenticity. The closer it is to 0.5, the lower the accuracy of the diagnosis. When it is equal to 0.5, it has no diagnostic value. ROC-AUC was applied to estimate the diagnostic ability to differentiate DC from the control group.





Immune cell infiltration analysis

Immune cell subtypes in the multichip dataset were evaluated by the CIBERSORT algorithm with the LM22 gene feature matrix, and values with P < 0.05 were considered statistically different (68). Correlations between immune cells and between immune cells and ERS-related signature genes were analyzed using Spearson analysis.





Construction of a mouse model of type 1 DC

C57BL/6j male mice (20-25 g) were raised in the standard barrier environment of the Animal Experiment Center at Renmin Hospital of Wuhan University, maintained at a temperature of 21-24°C and a humidity of 50-60%, with a light and dark cycle of 12 hours. This experiment received approval from the Wuhan University Committee on Animal Care and Utilization (IACUC Issue No. 20230805C). Upon reaching 6 to 8 weeks of age, the mice were randomly assigned to either a control group or a diabetes group, with a minimum of six mice in each group. The diabetic group received intraperitoneal injections of streptozotocin (STZ, Boagang, China) dissolved in a citric acid buffer (pH 4.2-4.5) at a dose of 50 mg/kg for five consecutive days. In contrast, the control group was administered an equal volume of STZ-free citrate buffer. Fasting blood glucose levels were measured on days three and seven following the injections; mice exhibiting fasting blood glucose levels of 11.1 mM or higher were classified as diabetic. Subsequently, the mice were maintained on a continuous feeding regimen for 12 weeks, during which blood glucose levels were assessed every four weeks to confirm that the blood glucose levels of the diabetic mice remained consistently above 11.1 mM. At the conclusion of the 12th week, the mice were euthanized in accordance with ethical guidelines, and their hearts were excised. Some hearts were designated for immediate mRNA extraction, while others were fixed in 4% paraformaldehyde for subsequent pathological analysis. This allocation was performed randomly. Mice that did not develop the disease model were euthanized following the protocols outlined in the ethics manual.





Cardiac histomorphometry

The fixed heart tissues were embedded in paraffin and cut into 4 μm thick sections. They were then stained with hematoxylin and eosin (HE), Tunel, Masson, and Sirius red which are shown below.





Hematoxylin-eosin

The paraffin sections were dewaxed in a series of solutions: Dewaxing Clear Solution I for 20 minutes, Dewaxing Clear Solution II for 20 minutes, Absolute Ethanol I for 5 minutes, Absolute Ethanol II for 5 minutes, and 75% Alcohol for 5 minutes. Subsequently, the sections were immersed in a hematoxylin staining solution for 5 minutes, followed by a wash with double-distilled water. The sections were then differentiated using hematoxylin differentiation solution for a few seconds, rinsed with double-distilled water, and treated with hematoxylin blue-returning solution to restore the blue color, followed by another rinse with double-distilled water. Next, the sections were dehydrated in 85% Alcohol and 95% Alcohol for 5 minutes each, stained with eosin stain for 5 minutes, and then dehydrated and clarified in absolute ethanol and dewaxing clear solution. Finally, the sections were sealed with neutral gum. The structure and morphology of the myocardial fibers were observed using optical microscopes.





Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling

Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) was used to examine the myocardial cell apoptosis with an in situ cell death detection kit (Nanjing Jiancheng Bioengineering Institute, China) according to the manufacturer’s instructions. Briefly, the heart tissues of each group were embedded in paraffin and cut into 5 μm thick sections. Then the sections were stained with TUNEL reaction mixture for 60 min and immersed into 4’,6-diamidino2-phenylindole (DAPI) to stain nuclei for 30 min. Apoptotic cells were observed under a light microscope with an excitation wavelength of 585–600 nm.





Masson’s trichrome stain

After dewaxing the paraffin sections to water using the aforementioned method, perform the following steps in sequence: (1) Immerse in potassium dichromate (Servicebio, G3326, China) overnight; (2) Stain with iron hematoxylin (Servicebio, G3326, China) for 10 minutes, followed by thorough washing with water; (3) Return to blue using Masson blue solution (Servicebio, G3326, China) for 5 minutes, and wash well with water; (4) Stain with Ponceau magenta (Servicebio, G3326, China) for 10 minutes; (5) Wash with phosphomolybdic acid solution (Servicebio, G3326, China) for 2 minutes; (6) Wash with weak acid working solution for 1 minute; (7) Stain with aniline blue dyeing solution (Servicebio, G3326, China) for 1 minute; (8) Wash with weak acid working solution for 1 minute; (9) Sequentially immerse in 95% alcohol, 100% alcohol, and xylene to dehydrate and render the sections transparent; (10) Seal the slide with neutral gum. Finally, use an optical microscope to observe the deposition of collagen fibers in the myocardium, where collagen fibers appear blue, while muscle fibers, cytoplasm, and cutin are red.





Sirius Red

After removing the paraffin sections and dewaxing them in water, proceed with the following steps in sequence: (1) stain with Sirius scarlet for 8 minutes; (2) dehydrate using absolute ethanol for 5 minutes; (3) seal with neutral gum. Utilize a 400× optical microscope to observe the deposition of collagen fibers in the myocardium, where collagen fibers appear red and other tissue components are displayed in yellow.





Real-time fluorescence quantitative PCR

Total RNA was extracted from cardiac tissues using an RNA extraction kit (RC113-01; Vazyme, China). Reverse transcription and quantification were performed using SweScript All-in-One RT SuperMix for qPCR (One-Step gDNA Remover) (Servicebio, G3337, China) and 2×Universal Blue SYBR Green qPCR Master Mix (Servicebio, G3326, China). Finally, RT-qPCR was performed on a Lightcycler 480II Real-Time Fluorescence Quantitative PCR System (Roche, Germany). β-actin was used for expression normalization. The primers are shown in Table 1, and the relative expression of the genes was determined by the 2-ΔΔCT method.

Table 1 | Primes used for RT-qPCR analysis.


[image: Table listing genes with their forward and reverse primers. Genes: Npm1, Jkamp, Get4, Lpcat3, and β-actin. Forward primers: AGGACGATGATGAGCAGATGAG, CACGATGCTCTACAACCCAAGTC, CCGAGGCTTCCGAAGTGAGG, CACCGTCACTGCCGTTATTACTAC, GTGACGTTGACATCCGTTAAAAGA. Reverse primers: CCCCTTTGATCTCGGTTGTGATGG, CATGCGATCTTCTTCACCAGGAG, CAGCAGGCAGAACCCAGATGAAATG, TCCCGCTCTTTGCCTCATCG, GTAACAGTCCGCCTAGAAGCAC.]




Statistical analysis

All statistical analyses were performed by R software (version 4.3.1). Student’s t-test or one-way ANOVA was applied to assess differences between the two groups. P < 0.05 indicated statistical significance.






Conclusion

In summary, four signature genes (Npm1, Jkamp, Get4, and Lpcat3) have been tentatively identified as potential diagnostic markers of type 1 DC, which may be influenced by controlling ERS and immune cells. The results of this study provide new insights into the development of new targets for the diagnosis and treatment of DC.
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Background

Many clinical trials yielded inconsistent results regarding the effect of intensive glycated hemoglobin control on cardiovascular diseases in type 2 diabetes. We identified distinct HbA1c trajectories and their association with the recurrent hospitalization of heart failures (HHF) for patients with type 2 diabetes starting from the date of diabetes diagnosis.





Methods

In this study, we included 194,258 patients who entered the SingHealth Diabetes Registry from 2013 to 2020. Their diagnoses of type 2 diabetes spanned the years 1960-2020, encompassing HbA1c measurements, records of HHF, and other cardiovascular complications. Latent class growth models (LCGM) with splines were used to extract the subgroups with distinct HbA1c trajectories. The association between HbA1c trajectories and the recurrent risk of HHF was investigated by nonhomogeneous Poisson processes (NHPP).





Results

Eight distinct HbA1c trajectories were identified as follows: low stable (LowS, 22.2%), moderate low ascending (ModLowA, 12.7%), moderate high ascending (ModHighA, 11.5%), moderate low descending (ModLowD, 17.2%), moderate high descending (ModHighD, 10.1%), moderate high volatility (ModHighV, 10.1%), high with a sharp decline (HighSD, 8.0%), and high volatility (HighV, 10.2%). Using the Class LowS as a reference, the hazard ratios for recurrent HHF for the other classes are as follows: 0.79 for ModLowA, 1.30 for ModHighA, 1.17 for ModLowD, 1.89 for ModHighD, 1.94 for ModHighV, 1.25 for HighSD, and 2.88 for HighV. Considering recurrent HHFs, our NHPP model demonstrated predictive capability for type 2 diabetes patients’ future HHF events.





Conclusions

Low baseline HbA1c levels are associated with a lower risk of recurrent HHF, while poor glycemic control significantly increases this risk. Our application of LCGM with splines effectively captures flexible, long-term HbA1c trajectories, while the innovative use of the NHPP model allows for precise modeling of HHF recurrence risk. This approach provides a foundation for personalized risk predictions and future HF management by incorporating dynamically updated risk factors.





Keywords: type 2 diabetes, HbA1c trajectories, recurrent heart failure, glycemic control, SGLT2 Inhibitors, longitudinal data analysis, nonhomogeneous Poisson process, latent class growth models




1 Introduction

Individuals living with type 2 diabetes mellitus are widely considered to face an increased risk of heart failure (1, 2), a critical concern in healthcare. Type 2 diabetes is characterized by abnormal glucose homeostasis (3), with the degree of hyperglycemia typically measured using glycated hemoglobin (HbA1c), a marker associated with the risk of cardiovascular events (4, 5). Common oral antidiabetic medication such as SGLT2 inhibitors (SGLT2i) and sulfonylureas (SULP) have been observed to exert both positive and negative effects on reducing the risk of heart failure (6, 7), respectively, thereby introducing potential interference in the study of the relationship between HbA1c levels and heart failure risk.

Many clinical trials have yielded inconsistent results regarding the effect of intensive glycated hemoglobin control on cardiovascular diseases in type 2 diabetes (8–11). For example, a meta-analysis of prospective studies (8) found that chronic hyperglycemia is associated with an increased risk for cardiovascular outcomes, whereas a separate secondary analysis of 14,656 patients with type 2 diabetes (10) identified a U-shaped relationship with nadir around 7%. In light of these discrepancies, recent research highlights the necessity for individualized medical treatment of type 2 diabetes to account for the heterogeneity within the patient population (12, 13). Furthermore, it is essential to recognize the significance of HbA1c variability as a risk factor for cardiovascular complications (14, 15).

In addressing these challenges, latent class growth model (LCGM) is an efficient tool that enables the simultaneously identifying the subgroups of patients with distinct HbA1c trajectories and capturing HbA1c’s variation over time. By stratifying the population into homogeneous subgroups and considering the repeated measurements of HbA1c, the model enhances the predictive power for individual risk assessment and intervention (16, 17). Previous research has classified patients using LCGM (18–20), considering fixed-time HbA1c measurements (21, 22).

The prevailing approach in modeling HbA1c trends relies on parametric forms in most existing studies. For example (23), considered linear trends, while our prior research (24) employed a logarithmic function, which demonstrated optimality among several candidate parametric models. In contrast, a nonparametric model exhibits flexibility in capturing HbA1c trajectories, offering a more accurate representation of real-world variations. Notably, our current study expands upon our previous work by incorporating patients diagnosed with type 2 diabetes before the initiation of HbA1c records, extending the diagnosis year from 2013 to 1960. This expansion enriches our cohort, yielding a more comprehensive cohort for study.

Our prior research (24) has proved the predictive ability of latent classes on hospitalization of heart failure (HHF), which solely focused on the initial event following type 2 diabetes diagnosis. However, cardiovascular events usually occur more than once, and for patients diagnosed early, the first HHF post-diagnosis may be missing. Therefore, our current work models the recurrent processes of HHF starting from when covariate information becomes available, addressing the data limitations and enhancing our ability to predict future HHFs.

Commencing from the initiation of type 2 diabetes, this study advances existing research on individualized HbA1c trajectories by introducing three key innovative contributions. First, employing the latent class growth model with B-splines trajectories enables identifying the potential subgroups among HbA1c trajectories over an extended period – specifically, spanning 62 years from the date of type 2 diabetes diagnosis – for a significant cohort of 194,258 patients, each with HbA1c measurements recorded from 1998 or the time of type 2 diabetes diagnosis (whichever is later) to 2021 or the time of the patients’ departure from the system (whichever is earlier). Second, the study delves into the clinical implications of these subgroups on the risk of recurrent HHF through a precise model – nonhomogeneous Poisson processes (NHPP) – that takes into account the recurrent nature of HHF events with incomplete records spanning from 2007 to 2020. Third, by incorporating the identified HbA1c subgroups, the NHPP enables personalized predictions of future heart failure occurrences. It facilitates the ongoing prediction of HHF risk by incorporating continuously updated risk factors, including monitoring the evolution and dynamics of patients’ HbA1c and other cardiovascular complications recorded from 2013 onwards.




2 Materials and methods



2.1 Data source and study population

The SingHealth Diabetes Registry (SDR) is a comprehensive database that collects the electronic medical records of type 2 diabetes patients visiting the healthcare institutions within the Singapore Health Services (SingHealth), one of three health clusters in Singapore (25). The SDR contains casemix variables including demographic factors, diagnosis profile, treatment factors and anthropometric variables, as well as outcome variables including laboratory results, clinical episodes, surgical procedures and vaccinations.

This study exclusively included type 2 diabetes patients who visited SingHealth from 2013 to 2020, totaling 194,265 subjects documented in the SDR with one or more HbA1c records. The diagnoses for these subjects spanned from 1955 to 2020, but only 7 subjects were diagnosed between 1955 and 1959, and they were thus removed to balance the study population distribution. HbA1c records are available for the period between 1998 and 2021. Records of HHF encompass the years 2007 to 2020, while records of other cardiovascular complications cover the years 2013 to 2020. To conduct a fair comparison across all subjects, the baseline of the study is designated as the date of diabetes diagnosis (DDD) (21, 24, 26) instead of the date of the first HbA1c recorded in the SDR. If the type 2 diabetes diagnosis year is consistent with the year of the first HbA1c record, the DDD will be assumed as the date of the first HbA1c record. For subjects whose years do not match, the DDD will be set as a date that is uniformly selected from the year of type 2 diabetes diagnosis. Of these, 87,202 (44.8%) subjects require random imputation. Dropping these subjects would result in losing nearly half the information compared to completing the DDD. The final sample for HbA1c trajectory analysis comprised 194,258 subjects, covering a span of 62 years from 1960 to 2021. And the sensitivity analysis indicated that the robustness of the imputation method.




2.2 Statistical methods

The latent class growth model (LCGM) is utilized to cluster the distinct HbA1c trajectories. Different from traditional parametric forms, we make no assumptions about the shapes of the latent trajectory subgroups. Each trajectory is described by an unknown smooth function, which is approximated using B-splines because of their good properties both in theoretical and computational aspects (27). In addition to random errors, a random intercept is also considered for each subgroup to account for the within-subject heterogeneity.

The basic functions of B-splines are determined by the degree, the number and location of interior knots. The cubic spline (degree of 3) is smooth enough to fit the trajectory. For knot placement, we consider two strategies as follows (28):

	Equidistant: each interval between knots has the same width.

	Equipotent: each interval between knots includes the same number of data points.



The number of interior knots, ranging from 5 to 40, was tested for each strategy.

The optimal number of latent classes is determined by Bayesian Information Criterion (BIC) (29) using a 10-fold cross-validation procedure (30). The process of interactively determining knot placement and the number of latent classes is described as follows:

	Set the initial number of classes [image: Mathematical notation showing the symbol "K" with a subscript "0".] ;

	Calculate BIC values based on different numbers of interior knots, [image: Mathematical notation showing "5 i, i equals 1 to 8", representing a sequence.] , for the two strategies with fixed [image: Mathematical notation showing the uppercase letter "K" followed by a subscript zero.] . Knots placement is the pair with smallest BIC value.

	Calculate BIC values using a 10-fold cross-validation procedure for different numbers of classes [image: The image displays the mathematical expression "K equals one comma ellipsis comma ten."]  with fixed knots placement. The number of classes [image: A mathematical notation showing the letter "K" with a subscript "1".]  is the one with smallest BIC value.

	Repeat steps 2 and 3 until the optimal selection of the number of knots, knot placement and the number of classes [image: A simple graph represented by the symbol \( K_1 \), denoting a graph with a single vertex and no edges.]  becomes stable.



Nonhomogeneous Poisson processes (NHPPs) were used to model the recurrent HHFs, acknowledging that the records of HHF recurrence for each patient are only available within a specific period. Define [image: The letter "t" in a serif font displayed in a bold style.]  as the weeks elapsed from DDD and [image: Mathematical expression showing "T" subscript "0" equals zero.] . The observed HHF sequence for a subject is [image: Mathematical expression showing a sequence of terms, denoted as \{T sub i, where i equals 1, 2, and so on\}.] . For NHPP, the transformed time difference between two successive events follows a standard exponential distribution, that is,

[image: Λ(Tᵢ) - Λ(Tᵢ₋₁) ∼ Exp(1).]	

where [image: Λ(t) equals the integral from zero to t of λ(u) with respect to u.] . If [image: The mathematical expression shows lambda of t is identically equal to lambda.] , the NHPP [image: Lambda function notation, represented as \(\lambda(\cdot)\), indicating a function definition or abstraction often used in mathematics and computer science.]  becomes the Homogeneous Poisson process, HPP [image: It seems you're referring to a symbol commonly used in mathematics and science. If there's an image you'd like alt text for, please upload it or provide more context about the image.] . The nonnegative function [image: It looks like you're referring to a mathematical expression. However, I would need an actual image to provide alternate text. If you upload the image or provide more context, I'd be happy to help!]  is called intensity function. Referring to (31), [image: It seems there's an issue with your image upload. Please try uploading the image again, or provide more context or a URL.]  adopts the power-law form, that is,

[image: Mathematical expression of a hazard function: \(\lambda(t \mid \theta, \beta, \gamma) = \left(\frac{\beta}{\eta}\right) \left(\frac{t}{\eta}\right)^{\beta - 1} \exp(x^{\top} \gamma)\).]	

where [image: It appears there isn't an image provided. Please upload the image, and I will be happy to help with the alt text.]  is the vector of adjusted risk factors, [image: It seems like there was an issue uploading the image. Please try again by ensuring the image file is uploaded, or provide a URL if applicable. Optionally, add a caption for context.]  is the scale parameter, [image: The Greek lowercase letter beta, styled in italics.]  is the shape parameter and [image: Lowercase Greek letter gamma.]  is the effect of covariates. All analyses were conducted using R version 3.6.0.





3 Results



3.1 Model selection

HbA1c values could be roughly classified as low, moderate, and high levels, leading us to initially set the number of classes at [image: Please upload the image or provide a URL, and I will assist you in creating the alt text.] . Given the number of classes, the model with 30 equipotently placed interior knots yielded the smallest BIC value (Supplementary Table 1). The analysis then proceeded with these 30 fixed interior knots while exploring class numbers from 1 to 10. Through 10-fold cross-validation, the optimal number of latent classes was identified as 8, based on the lowest average BIC values obtained from the cross-validation (Supplementary Table 2). Subsequent recalculations of BIC values for all configurations (varying numbers of knots and knot placement strategies) with 8 latent classes confirmed that the model with 30 equally spaced interior knots continued to exhibit the minimum BIC value, as detailed in Supplementary Table 3.




3.2 HbA1c trajectories

Figure 1 displays the 8 trajectories approximated by B-splines with 30 equipotently placed interior knots. Low stable (LowS) comprising 22.2% of the population, has a baseline HbA1c level of 6.3% and maintains stable levels thereafter. Moderate low ascending (ModLowA), comprising 12.7% of the population, has a baseline HbA1c level of 6.7% and gradually ascends to 7.4% over 25 years. Moderate high ascending (ModHighA), comprising 11.5% of the population, has a moderately high starting HbA1c level of 7.4% and then shows ascending trend. Moderate low descending (ModLowD), comprising 17.2% of the population, has a baseline HbA1c level of 7.7% followed by descending trends over 25 years. The moderate high descending (ModHighD) trajectory makes up 10.1% of the population. It shows a descending trend with a lower HbA1c level than the baseline of 9.3%. Moderate high volatility (ModHighV), comprising 10.1% of the population, begins with a baseline HbA1c level of 8.6% followed by significant fluctuations. High with a sharp decline (HighSD) represents 8.0% of the population. These participants begin with the highest HbA1c values of 11.6% among all 8 classes, followed by a sharp drop to a near-normal HbA1c level. The high volatility (HighV) trajectory accounts for the remaining 10.2% of the population with a baseline HbA1c level of 10.8%, showcasing significant fluctuations.

[image: Line chart showing HbA1c levels over time for different classes such as LowS, ModLowA, ModHighA, among others. Each class has a distinct color, with fluctuations in HbA1c levels plotted across weeks from zero to over two thousand five hundred.]
Figure 1 | HbA1c trajectories of the 8 classes.

Baseline characteristics of subjects by distinct eight HbA1c trajectories are presented in Table 1. The mean age varies across these classes, ranging from 50.2 years in the high fluctuation group to 63.7 years in the low stable group. Classes with elevated baseline HbA1c levels exhibit a greater proportion of male patients, spanning from 48.9% to 58.6%. The prevalence of non-Chinese patients is more pronounced in trajectories with higher HbA1c levels, ranging from 22.7% to 50.7%.

Table 1 | The baseline characteristics of the 8 classes.


[image: A table presents demographic and clinical characteristics of individuals across various study groups labeled LowS, ModLowA, ModHighA, ModLowD, ModHighD, ModHighV, HighSD, and HighV. It includes data on sample size, age, gender distribution, ethnicity, HbA1c levels, diabetes history, cardiovascular conditions, medication use, and observational periods in weeks. Each column corresponds to a different study group, and rows detail specific data points like percentages of ethnicity, prior health conditions, and medication usage.]
We further compare our classification to our previous results of (24), which adopted a logarithmic LGCM based on the subset of the dataset used in this study. A total of 17,389 subjects were selected, each with at least 5 HbA1c samples across the span of at least 3 years from 2013 to 2019. Our previous work (24) classified the 17,389 subjects into five subgroups with: “low stable (35.5%, LowS), moderate low stable (41.1%, ModLowS), high descending (3.4%, HighD), high with a sharp decline (10.7%, HighSD) and moderate high descending (9.2%, ModHighD)”. We mapped the previous subgroups (classification derived in (24)) to the new subgroups (classification in this study). Figure 2 shows that subjects in the previous Class LowS are mainly distributed in the new Class LowS, ModLowA, and ModLowD, all of which exhibit low HbA1c levels. For the previous Class ModLowS, the subjects appear evenly in the first four new classes with relatively low HbA1c levels. The coincidence rate between previous Class HighD and new Class HighV is up to 88.7%. The two classes both have highest HbA1c levels in their own population. The previous Class HighSD starts with a very high HbA1c level followed by a steep decline. New Class ModHighD and HighSD with high coincidence rates show a similar sharp downward trend. Subjects in the previous Class ModHighD are mainly concentrated in the new Class ModHighA, ModHighD, ModHighV, and HighV that also have high or moderately high HbA1c levels.

[image: Heatmap showing the percentage distribution of transitions between previous and new classes. Rows represent previous classes, columns represent new classes. The highest percentage, 88.7%, is highlighted in red for HighD changing to HighV. A color gradient from white to red indicates percentages from zero percent to eighty percent.]
Figure 2 | Heatmap of the coincidence rates.




3.3 Association between HbA1c trajectories and risk of HHF

Cardiovascular complication histories and records are only available from 2013 to 2020. To accurately obtain the effects of these complications on the risk of HHF, the earliest date of a patient having complete covariates is set as the truncated date. For each patient, if DDD is after the truncated date, the left bound of the observation window is 0. Otherwise, the left bound is the difference between the truncated date and DDD. Only the HHF records within the observation window are used to train the NHPP model. We first fit the NHPP model based on the eight latent classes distinguished by HbA1c trends. Figure 3 displays the evolution of the mean survival probabilities for the first HHFs over time. The survival probabilities are highest in Class ModLowA. Classes LowS, ModLowD and HighSD share similar trends in survival probability, albeit slightly lower than those of Class ModLowA. In contrast, Classes ModHighA, ModHighD, ModHighV and HighV display considerably lower survival probabilities, with Classes ModHighD and ModHighV almost identical, and Class HighV exhibiting the lowest probability among them.

[image: Line graph showing HbA1c levels over time in weeks for different classes: LowS (red), ModLowA (blue), ModHighA (green), ModLowD (purple), ModHighD (orange), ModHighV (brown), HighSD (pink), and HighV (gray). HbA1c levels decrease progressively across all classes.]
Figure 3 | The mean survival probabilities of first HHF for the 8 classes.

We further adjust the NHPP model with risk factors used in our prior research (24). Table 2 summarizes hazard ratios and their significance after adjusting for population characteristics (age at diagnosis, ethnicity, gender, and baseline HbA1c), established cardiovascular disease (CVD), prior ischemic heart disease (IHD), prior peripheral arterial disease (PAD), prior ischemic stroke (IS), prior hemorrhagic stroke (HS), prior transient ischemic attack (TIA), prior atrial fibrillation (AF), prior neuropathy, prior diabetic peripheral angiopathy (DPA) and prior heart failure (HF). Prior complications here are defined as the medical history before the left bound of the observation window for each patient. The rate of patients with prior complications for each class is summarized in Table 1. Class ModLowA shows a significantly lower risk than Class LowS with hazard ratio HR = 0.79. Class ModHighA, ModHighD, ModHighV, and HighV exhibit significantly higher risk, as indicated by the hazard ratios HR = 1.30, 1.89, 1.94, and 2.88 when compared to Class LowS. The three classes share a common moderately high to high baseline HbA1c levels. Class HighSD, which has the highest baseline HbA1c level and decreases rapidly, eventually nearing the lower and stable levels observed in Class LowS, exhibits a significantly increased risk with an HR of 1.25. However, this risk is notably lower compared to classes ModHighD, ModHighV, and HighV. Among all the prior complications, prior CVD, prior IHD, prior HS, prior IS, prior TIA, prior AF, prior neuropathy, prior DPA and prior HF exhibit significant effects on the risk of HHFs. This study identifies four additional significant risk factors: prior IHD, prior HS, prior IS and prior TIA compared with our previous work. Both studies obtained the results that prior CVD and prior HHF have the greatest impact.

Table 2 | Effect of HbA1c trajectories and other covariates to HHF recurrence risk based on the NHPP model: hazard ratios and p-values.


[image: A table showing hazard ratios with ninety-five percent confidence intervals and p-values for various conditions. LowS is the base with a hazard ratio of 1. ModLowA has a ratio of 0.79, ModHighD has 1.89, and others range similarly. Significant covariates marked with an asterisk. For instance, ModHighV has a hazard ratio of 1.94, p-value less than 0.01. Established CVD shows 4.94, p-value less than 0.01. Prior HHF is 5.16, p-value less than 0.01.]
Table 1 also summarizes the rate of type 2 diabetes medication dispensed for each class, taking into account the treatment history before the left bound of the observation window for each patient. Given that patients may receive treatment with multiple medications, the effect of these medications on the risk of HHF is complicated. Such medications can exhibit negative, neutral or positive effects (6, 7). Hence, to avoid potentially inaccurate outcomes, we opted not to directly integrate medication into the NHPP model.




3.4 Prediction for future HHF

Determining if a patient will develop heart failure within a specific timeframe is a key focus in clinical studies. To assess the predictive capability of the adjusted NHPP model, we explore predicting the risk of HHF in the next six months, one year, and two years following the date when patients first had complete covariates as examples. The patients are divided into a training set and a test set for analysis. Among all 194,258 subjects, only 13,099 have HHF records, accounting for 6.7%. The imbalanced case-control rate will result in the evaluation metrics not accurately reflecting the actual classification performance. For example, even if all patients are predicted to belong to the group of no HHF occurrence, the false negative rate (FNR) would remain at a low level. We adopted a down-sampling strategy to balance the case-control sample distribution. 13,099 subjects are randomly selected from the population without HHF. The newly sampled dataset consists of 26,198 patients, evenly split between those with and without HHF. 80% of subjects from both groups were randomly selected to comprise the training dataset. A total of 20,958 subjects were fed into the adjusted NHPP model for parameter estimation. The remaining 5,240 subjects (20% of the cohort) were labeled as to whether they had HHF in the next six months, one and two years after the first date they had complete covariates, respectively. The probability of having HHF for each subject in the validation set is calculated. Patients whose probability exceeds the predetermined threshold would be classified into the group with HHF.

Figure 4 displays the receiver operating characteristic (ROC) curve for 6 months, 1 year, and 2 years. AUC is the area under the ROC curve which measures the overall classification accuracy. The AUC values for the three intervals are 0.752, 0.754 and 0.705 respectively. An AUC greater than or equal to 0.7 indicates acceptable discrimination (32). The AUC values at 6 months and 1 year are similar. A lower prediction accuracy is observed for a two-year prediction period.

[image: ROC curves displaying true positive rate versus false positive rate for three time intervals: 6 months (red, AUC = 0.752), 1 year (green, AUC = 0.754), and 2 years (blue, AUC = 0.705). The curves indicate predictive performance over time.]
Figure 4 | The ROC curve of the adjusted NHPP model for the prediction periods 6 months, 1 year and 2 years.





4 Discussion

This study is an extension of our previous work (24) which starts from the DDD to distinguish the latent HbA1c groups for 17,389 subjects and prove the ability of latent classes in predicting future HHF. Given the extensive cohort of 194,258 patients with type 2 diabetes and their highly unbalanced HbA1c records, the present study developed a flexible approach for distinguishing latent patient groups and tracking the progression of HbA1c levels. As a result, eight subgroups among type 2 diabetes patients were identified following similar HbA1c profiles over time. While the number of identified groups is larger than those in previous studies of individuals with newly diagnosed diabetes (21, 24, 26), the fundamental characteristics of these subgroups remained consistent, including good glycemic control (Class LowS, ModLowA and ModLowD), moderate glycemic control (Class ModHighA and ModHighD), poor glycemic control (Class ModHighV and HighV) and highly improved glycemic control (Class HighSD). The differences in the number of subgroups can be partly attributed to variations in data volume and observation periods. The utilization of natural splines accommodates greater variation in HbA1c trajectories. Subjects in Class HighD from our previous study (24) are predominately included in the newly identified Class HighV (88.7%). In addition to high HbA1c levels, Class HighV displays considerable fluctuations in glycemic control. Previous Class HighSD subjects are primarily distributed across the new Classes ModHighD, ModHighV, HighSD and HighV. While the previous Class HighSD maintained good control, the extension of the observation period from 350 weeks to 2,500 weeks in the current study reveals diverse HbA1c trajectories.

The association between the identified HbA1c trajectories and the incidence of HHF is reported in this study. Low baseline HbA1c levels may be associated with low risk of HHF, evident in both Class LowS and Class ModLowA, despite Class ModLowA having poorer glycemic control than Class LowS, which was consistent with previous studies (5, 33). Additionally, the lower rate of prior complications in Class ModLowA compared to Class LowS may contribute to its lower associated risk. However, high baseline levels are not equal to higher risk. Class HighSD has the highest baseline level followed by a sharp drop in HbA1c, reflecting effective glycemic treatment, and this trajectory is associated with a relatively low risk of HHF. In contrast, Class HighV, with high baseline values and large fluctuations, is associated with the highest risks of HHF. Class ModHighA begins with a moderate HbA1c level, and as the trend ascends in the subsequent period, the risk of HHF becomes greater compared to Class HighSD. Class ModHighD and Class ModHighA, where the former exhibits better glycemic control compared to the latter, while the latter presents a lower baseline level, demonstrate a similar risk for HHF. Thus, both baseline HbA1c levels and subsequent glycemic control may contribute to the risk of HHF in type 2 diabetes patients (34). In addition, while the previous Class HighSD has a relatively high concordance rate with newly identified Class HighSD (44.5%), it remains significantly associated with a high risk of HHF. One possible explanation could be the difference in sample size. The previous Class HighSD has a higher rate of patients with prior complications compared to the new Class HighSD, contributing to the elevated risk. Another factor to consider is the observation time. It appears that glycemic control does not have an obvious effect on the risk of HHF in the early stage, but over time, a notable reduction in incidence rates is observed.

HbA1c levels are closely associated with the antidiabetic medication usage. Classes LowS, ModLowA and ModLowD, characterized by relatively low HbA1c levels, exhibit lower rates of medication dispensation. Conversely, Classes ModHighD, ModHighV, HighSD and HighV, with higher baseline HbA1c levels, show higher medication dispensation rates. Notably, only Class HighSD demonstrates effective control and a reduced risk of HHF. This could be attributed to Class HighSD having the highest rate of SGLT2i and metformin (6), both of which have demonstrated benefits in reducing HHF risk. In contrast, Class HighSD has a similar usage rate of DPP-4 inhibitors and sulfonylureas compared to the other three classes; DPP-4 inhibitors are associated with a neutral effect, while sulfonylureas are linked to an increased HHF risk (6, 7).

Except for the HbA1c trajectories, established CVD and prior HF emerge as particularly significant contributors to an increased HHF incidence rate among the influential factors. Notably, patients with a history of prior HS, IS and TIA exhibit a lower risk of HHF compared to those without a history of stroke. These findings align with the results presented by (24), which also report a decreased risk of HHF among individuals with prior strokes, despite these factors not being statistically significant. This may be because large sample sizes are more likely to magnify the impact of covariates (35, 36). HF has been proven as a risk factor for stroke, a relationship extensively explored in studies focusing on preventing strokes in patients with HF (37). Those patients may receive treatments more targeted at stroke and HF prevention, which in turn reduces the incidence of future HHF.

The predictive ability for future events of NHPP is demonstrated. In this dataset, the status of cardiovascular complications is updated annually. The covariates incorporated in this model represent their status at the prediction start time. For the next 6 months or 1 year, where the status remains unchanged, competitive prediction accuracy is achieved. However, when predicting events 2 years into the future, the cardiovascular complications status is more likely to change during the prediction periods. Since this information is not factored into the prediction process, results in decreased prediction accuracy. This also illustrates the effectiveness of the model we proposed, emphasizing the importance of timely information for accurate predictions. Compared with our previous study (24), their prediction start time was determined by a fixed date (DDD). The present study initiates predictions when covariates information becomes available. It determines the class of new patients based on historical HbA1c values and assigns them to the class with the highest probability in the mixed effect model. The approach eliminates the constraints imposed by fixed DDD and offers a flexible and clinically relevant prediction framework.

This study further underscores the potential clinical significance of the latent subgroups revealed by LGCM. The subgroups distinguish patients by glycemic control, laying the foundation for understanding the underlying causes of variations in glycemic performance. Individuals within each identified class display corresponding HbA1c trends that reflect different levels of cardiovascular event risk. For incoming patients, it facilitates the tracking of HbA1c progression and enables predictions regarding potential HHFs given the historical trajectories and other relevant attributes. It allows early identification of high risk patients. Patients in HighV and ModHighV groups have the highest risk of recurrent HHF. Clinicians can prioritize these patients for closer monitoring and early intervention. And it supports the treatment adjustment based on trajectory trends. Patients in HighSD group showed an initially high HbA1c level followed by a rapid drop. While this group exhibited lower long-term HHF risk, abrupt declines in HbA1c could indicate aggressive medication adjustments, which might increase the risk of hypoglycemia. Clinicians may need to monitor medication titration carefully to avoid adverse effects. And it can also help personalized follow-up frequency. Patients in ModLowA group had an increased risk of HHF despite relatively low baseline HbA1c levels. This suggests a more frequent HbA1c monitoring (38).

There are several limitations of this study. First, the study does not account for the impact of medications when assessing HHF risks. When we incorporated the use of SGLT2i into the NHPP model, it showed a higher risk of HHF for patients using SGLT2i, which is contrary to known research results. This discrepancy may result from reverse causation, where patients with HF or those at higher risk for it are more likely to be prescribed SGLT2i, making it appear as though SGLT2i are associated with a higher risk of HF. To address this issue, a new model is required. Further investigation is needed to explore the relationship between glucose-lowering medications, HbA1c levels, and HHF risk. Moreover, sparse data in the later period limits the model’s ability to capture variations of HbA1c levels between 1,300 weeks and 2,500 weeks. Furthermore, the records of HHF were not available before 2007. Even though the window-observed NHPP could model the observed data accurately, the estimated risk of HHF tends to be lower than the real situation.




5 Conclusion

In conclusion, our findings indicate that individuals with low baseline HbA1c levels and stable HbA1c trajectories exhibit a reduced incidence of HHF compared to those with higher baseline levels. The established framework holds the potential to identify at-risk patient groups and constantly assess their risk of HHF using up-to-date medical records, even for patients with a long history of diabetes and missing HbA1c information. This is achieved through the innovative use of both LCGM with splines model and the NHPP model. This capability may empower patients with self-monitoring and risk warnings while providing clinicians with the tools to develop more personalized care strategies.
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Nutritional knowledge

Question

How many meals should be eaten in a day?
Intervals between meals should be no more
than:

‘The most recommended heat treatment of
food is:

‘The primary function of protein in the
human bod

“The best sources of protein i the diet are:
“The best sources of fat in the diet are:
Dictary fiber s responsible for:

“The best sources of ditary fiber are:

“The best sources of sodium are:

“The best sources of potassium are:

‘What can cause an excess of potassium in
the diet?

“The best sources of phosphorus are:
A proper supply of calcium prevents:

“The best sources of calcium in the diet are:
Tron is the element responsible for:

“The best dietary sources of iron are:
Fat-soluble vitamins include:

“The best sources of vitamin D ares

“The best sources of vitamin C are:

<0.05.
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Repeated measurement analysis
of variance

Group (n=93) Cohen'’s d

AE AE BFR-RT BFR-RT Group x

30) versus versus Versus AE Time Time = Group
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Waist-to-height ratio (WHtR)
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0.57(0.32, -1.81(-2.06, -1.46(-1.70,
T6 versus TO
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Triglyceride-glucose index (TyG)
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0.11(:001, | -025(-034, | -0.22(-031,
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AE, aerobic exercise group; BER-RT, blood flow-restrictive resistance training group; n’P, partial eta-squared; T0, baseline; T3, at third month; T6, at sixth month; *, significant difference at
p < 0.05; # significant difference at p < 0.001.
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Total
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72(23.9)
59(19.6)

Gender
Women
154 (51.2)
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4026
31(221)

147 (48.8)
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Group (n=93)

Index and
time points

Control
(n=31)

AE
[(GEX{0)]

Total cholesterol (TC), mmol/L

BFR-RT
(n=32)

AE
versus
Control

Cohen’s d

BFR-RT
versus
Control

BFR-RT
versus AE

Repeated measurement analysis
of variance

Group X
Time
Interaction

Time

Group
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(-0.08, 0.29) 017)# -0.38)#
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non-High density lipoprotein cholesterol (non-HDL-C), mmol/L
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T3 363+ 101 | 300£070  305%073  -0.723* 0.660* 0070 p | <0001 <0.001 0011
T6 343+085 | 257+070  259%073  -1.103# -1.062# 0028 P | 0287 0.545 0.096
— 006 -0.36(-0.51, | -0.52(-0.68,
(-0.10,0.22) -0.20)# -0.37)#
eversis T -0.14 -0.79(-1.00, | -0.99(-1.19,
(-0.34,0.07) 0.58)# -0.78)#
Lipoprotein (a) [Lp (a)l, mg/L
To HLo0 1260 oo 0.088 0.035 0125 F 6067 9307 0.259
+4532 +46.06 +4322 : - e : i :
11295 116.64 105.44
T 0. 0.1 0.2 0.001 .001 .
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-0.81,5.83
¢ ) -3.30)% 543)#
ApolipoproteinAl (ApoAl), g/L
T0 116037  1.09+031 117+020  -0205 0034 0309 F | 29663 99.332 4028
T3 L12+£0.33 | 124+033 135019 0364 0.858* 0412 p <0001 <0.001 0.021
T6 115036 137032 151020  0.645* 1242# 0529 P | 0397 0525 0.082
0.04 0.15(0.09, 0.17(0.12,
T3versus T0, (:0.09,001) | 020)# 0.22)#
0.01 028(0.21, 034(0.27,
Té6 To
e (-0.08,006)  034)¢ 0an)#
ApolipoproteinB (ApoB), g/L
To 084+025 | 082+0.19 | 086+022  -0.090 0085 0.194 F | 30354 4740 3207
T3 091022 | 075+0.17 | 080%0.18  -0812* -0.548 0.285 p | <0001 0010 0.045
T6 094+025 | 074+0.16  076+0.18 -0950 -0.828 0.117 P 0403 0.050 0.067
s T 007(0.03, | -0.06(-0.10, | -0.06(-0.10,
0.11)# -0.03)# 0.03)#
0110007, | -0.08(-0.11, | -0.11(-0.14,
Teyessus 0 0.14)# -0.04)# 0.08)#
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0 078+030 | 081032 | 076+022 0097 0.076 -0.183 F | 37731 46.815 7.405
T3 087029 | 0.66+028 | 060%0.14  -0737* -1.192# 0274 p <0001 <0.001 0.001
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13 versus T0 0.09(0.04, 0.15(-020, | -0.15(-0.20,
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AE, aerobic exercise group; BFR-RT, blood flow-restrictive resistance training group; n*P, partial eta-squared; T0, baseline; T3, at third month; T6, at sixth month; *, significant difference at
P < 0.05; #, significant difference at p < 0.001.
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Repeated measurement analysis

Group (n=93) Cohen’s d of variance

Index and

time points AE BFR-RT Group x

Control BFR-RT

o versus versus
=t Control  Control R AL

Time Time  Group
Interaction

Systolic blood pressure (SBP), mmHg

132.48 131.31

TO 130.67 + 9.00 -0.188 -0.109 0.063 F 7.616 4416 3.679
+10.19 £ 1115
128.84
T3 134812756 | 127332900 S -0896* -0.648* 0.153 p <0001 0013 0.029
128.16 "
Té 135.06 + 8.73 126.03 + 9.91 £ 1130 -0.968* -0.682* 0.200 nP  0.145 0.047 0.076
T3 versus TO 232 -3.33(-5.90, -2.47(-4.96,
(-0.20, 4.85) 0.77)* -0.02)*
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versus (018,534) | -183)# -0.44)*

Diastolic blood pressure (DBP), mmHg

TO 79.06 + 8.79 80.13 +860 7834899 | 0.123 -0.081 -0.203 F 1.721 5474 0.748
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0.81 -1.33 -1.56

i5yersus IO (-1.37,297)  (-355,-088)  (-3.70,-0.58)
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T6 TO
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AE, aerobic exercise group; BER-RT, blood flow-restrictive resistance training group; n’P, partial eta-squared; T0, baseline; T3, at third month; T6, at sixth month; *, significant difference at
p < 0.05; #, significant difference at p < 0.001.
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Eating habits

Question

Does he eat I breakfastin the morning?
‘What does he eat most ofien for I breakfast?

Does he eat the 2nd breakfast?

What does he consume most often for 1T
breakfast?

‘What does he drink most often with

meal?

How many meals does he eat most often during
the day?

Does he/she happen to overeat between meals?
Does he happen to overeat at night?
Does he consider his nutrition to be healthy?

<0.05.

Correct answer
Yes, always

A sandwich with cheese or
cold cuts and vegetables

Yes, always
Fruit

Non-carbonated mineral water
45 meals

No, never
No, never

No

Total N = 301
(100)

251(83.4)
97 (322)
79(26.2)
98 (44.3)
28(9.3)
132(43.9)

46(153)
218 (72.4)

43(143)

Obesity and/or diabetes

No N =142
(100)
119 (83.8)
31(21.8)

46 (32.4)
37(35.6)
31
67 (47.2)

18(12.7)
107 (75.4)

15 (10.6)

Yes N =159
(100)
132(83)

66 (41.5)
33(208)
61(52.1)
25(15.7)
65 (40.9)

28(17.6)
111(69.8)

28(17.6)

p-value

0.08551

p=0.00027

.02846*

00023%

P <0.0001
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Total, N =301 Obesity and/or diabetes

Eating habits (frequency of consumption) (100) N - -
o N =142 (100) Yes N =159 (100)

Cereal products.
Several times a week 79(262) 33(232) 46(28.9)

Wholemeal bread Daily 80(26.6) 43(303) 37(23.3) p=009367
Several times a day 10(33) 107) 9(57)
Never or seldom 32(106) 14(99) 18(113)

Refined bread Once amonth or less often 32(106) 15(106) 17(107) p=009702
Several times a month 101 (33.6) 43(303) 58(36.5)
Several times a month 173(57.5) 78 (549) 95(59.7)

Coarse-grain groats Several times a week 51(169) 24(169) 27017) p=044252
Daily 2(0.7) 2014) 0(0)
Never or seldom 15(5) 7(49) 865)

Fine-grained groats Once amonth or less often 48 (15.9) 16(11.3) 32(20.1) p=0.11318
Several times a month 173 (57.5) 90 (63.4) 83(52.2)

Dairy products and eggs
Several times a week 12(37.2) 52(36.6) 60 (37.7)

Milk and natural dairy

o Daily 26(86) 177) 15(94)
Several times a day 3(1) 107) 21.3)
Never or seldom 79(26.2) 39(27.5) 40(25.2)

Sweetened dairy beverages | Once a month or less often 84(279) 35(246) 49(308)
Several times a month 100 (33.2) 54.(38) 46(289)
Never or seldom 1343 5(3) 865)

Cheeses Once amonth or less often 72(239) 29(20.4) 4307 Pp=063794
Several times a month 115(382) 60 (42.3) 55(34.6)
Several times a month 166 (55.1) 84(59.2) 82(51.6)

Eggs and egg dishes p=0.00861*
Several times a weck 71(23.6) 30(21.1) 41(25.8)

Meat products and fish
Never or seldom 2(73) 1.7 1169

Sausages Pp=000113*
Once a month or less often 33(11) 12(85) 21(13.2)
Once amonth or less often 723) 6(42) 1(06)

Premium cured meats Several times a month 135 (449) 61(43) 74 (46.5)
Several times a week 124 (41.2) 59 (41.5) 65 (40.9)
Never or seldom 36 (12) 19(13.4) 17(107)

s“"s:“ productsand ol " < month or lessofien 92(306) 37(261) 55(346) Pp=0.00542%

e Several times a month 121 (40.2) 67 (47.2) 54 (34)
Never or seldom 2(76) 13(92) 10(63)

Red meat Once amonth or less often 71(236) 32(225) 39(24.5) p=0.13540
Several times a month 132(43.9) 70 (49.3) 62(39)
Several times a month 142 (47.2) 64(45.1) 78 (49.1)

Poultry and rabbit meat p=007280
Several times a week 12(372) 49(345) 63(39.6)
Several times a month 157 (52.2) 79(55.6) 78 (49.1)

Lean fish P =006598
Several times a week 50 (16.6) 28(19.7) 22(138)
Several times a month 125 (41.5) 66 (46.5) 59 (37.1)

Fatty fish p=047977
Several times a week 59(19.6) 27(19) 32(20.1)

Vegetables and grains
Several times a week 110 (36.5) 49(345) 61(38.4)

Cruciferous vegetables Pp=037407
Daily 20(6.6) 13092 7(44)
Several times a week 120 (39.9) 54(38) 66 (41.5)

Yellow-orange vegetables ~ Daily 32(106) 17012) 15(9.4) Pp=013346
Several times a day 3(1) 107) 2013)
Several times a week 112(37.2) 54(38) 58(36.5)

Green leafy vegetables Daily 16(53) 428) 12(7.5) P =026660
Several times a day 3(1) 107) 2013)
Several times a week 114(37.9) 45(31.7) 69 (43.4)

Tomatoes Daily 104 (34.6) 56(39.4) 48(302) Pp=030466
Several times a day 16(53) 9(63) 7(44)
Several times a week 160 (53.2) 72(50.7) 88(55.3) p=0.13872

Cucumbers Daily 34(113) 23(16.2) 11(69)
Several times a day 827) 321) 5061

Root vegetables Several times a week 126 (41.9) 58 (40.8) 68 (42.8) Pp=038441
Daily 26(8.6) 15(106) 11(69)
Several times a day 5(17) 321) 2013)

Dry pulses Once amonth or less often 127 (425) 64 (45.7) 63(39.6) p=023453
Several times a month §7(29.0) 44(31.4) 43027

Potatoes Several times a week 79(262) 50(35.2) 29(18.2)
Daily 78(25.9) 36(25.4) 42(26.4)

Nuts Several times a week 57(18.9) 31(21.8) 26(16.4)
Daily 6@ 31) 3019
Several times a day 602) 2014) 4(25)

Grains Several times a month 77(256) 33(232) 44(27.7)
Several times a week 37(123) 17(12) 20(126)
Daily 2(07) 2(14) 00

Fruits

Stone fruits Several times a week 101 (33.6) 46(324) 55(34.6) Pp=085788
Daily 28(9.3) 13(92) 15(9.4)

Kiwis and citrus Several times a week 79(262) 39(27.5) 40(25.2) 46113
Daily 26(8.6) 12(85) 14(8.8)

Tropical fruits Several times a week 36(12) 21(148) 15(9.4) p=040153
Daily 6(2) 4(28) 2(13)

Berry fruits Several times a week 97(32.2) 41(289) 56(35.2) p=062881
Daily 9(3) 321 6(3.8)

Bananas Several times a week 78(25.9) 12(85) 15(94) p=0.10698
Daily 279) 0 1023

Apples and pears Several times a week 86(28.6) 52(36.6) 34 (21.4) P =000410%
Daily 55(183) 29(204) 26(16.4)

Dried fruits Several times a week 39(13) 20(14.1) 19(11.9) p=038912
Daily 8(27) 5(35) 3(19)

Sweet fruit preservesand  Never or seldom 51(169) 24(169) 2717) p=075277

candied fruits Once a month or less often 91(302) 38 (268) 53(333)
Several times a month 94(31.2) 48(33.8) 46 (28.9)

Fats

oil Several times a week 100 (33.2) 54(38) 46 (28.9) Pp=000158
Every day 90(299) 37(26.1) 53(333)

Butter Never or seldom 10(3) 2(1.4) 865) p=0.04389*
Once a month or less often 16(53) 8(56) 865)
Several times a month 43(143) 20(14.1) 23(145)

Cream Never or seldom 20(66) 1.7 9(5.7) p=078537
Once a month or less often 47 (15.6) 21(148) 26 (16.4)
Several times 2 month 76(25.2) 36(25.4) 40(25.2)

Animal fats Never or seldom 86(28.6) 44061 42(26.4) p=0.00169*
Once a month or less often 65(21.6) 23(162) 42(26.4)

Mayonnaise and dressings  Never or seldom 63(209) 28(19.7) 35(22) Pp=012844
Once a month or less ofien 80(26.6) 42(29.6) 38(23.9)
Several times a month 84/(27.9) 35(24.6) 49 (30.8)

Drinks

Fruit juices and nectars Several times a month 103(34.2) 54(38) 49(308) p=005063
Several times a week 56 (18.6) 24(169) 32(20.1)

Vegetable and fruit and Several times a week 71(236) 38(268) 33(20.8) Pp=0.16588

vegetable juices Daily 18(6) 1@y 7(44)

Hot drinks Never or seldom 10(3.3) 6(42) 4(25)
Once a month or less often 7(23) 428) 3019)
Several times 2 month 20 ) 10(63)

Energy drinks Never or seldom 183 (60.8) 77(542) 106 (6.7)

Sweetened beverages Never or seldom 148 (49.2) 71(50) 77 (48.4)

Beer Never or seldom 113(75) 46 (32.4) 67 (42.1) p=0.12743
Once a month or less often 60(19.9) 31(218) 29(18.2)

Vodka and spirits Never or seldom 122(405) 48(33.8) 74(46.5) p=007398

Sweets

Sugar Never or seldom 83(27.6) 32(225) 51(32.1) p=0.13781

Honey Several times a month 55(183) 29(204) 26 (16.4) 00027
Several times a week 87(289) 43(303) 44(27.7)
Every day 25(83) 19(13.49) 6(8)

Chocolate and chocolate  Never or seldom 32(106) 13(92) 19(11.9) »

candies

Candy without chocolate  Never or seldom 52(17.3) 20 (14.1) 32(20.1) p=006419

Cookies and cakes Never or seldom 1447 428) 10(63) p=023284

Ice cream and pudding Never or seldom 3913) 1702) 2(38) p=074467

Salty snacks Never or seldom 120 (39.9) 54(38) 66 (41.5)

*=p<0.05.
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Biochemical parameters Diabetes and/or obesity

Total N =301 X + SD

eitleed NoN=142X+SD  YesN =159 X +SD

SBP (mmHg] 140.8£20 14 1415£19.4 145 140.3£20.5 140 p=0467
DBP [mmHg] 79.7+1280 812412980 78441180 p=0.034
WBC [tys./pl] 83+3.17.8 83+3.277 84+379 Pp=0369
RBC [mln/pl] 4640846 4740946 46+0.646 P=0656
Hgb [g/dl] 17£18913.8 141£53137 195£253 142 p=0.043*
Het [%] 40,6+4.3 41 40.4+4.140.7 40.9+4541.2 p=0245
PLT [tys./mm’] 228.2£73 220 22491721217 231.1£73.8221 Pp=0595
Na [mmol/l] 138.343.7 138 138.6+4.4 138 138429138 p=0204
K [mmol/l] 43+0.54.2 4240542 43+054.2 Pp=0656
AST [1UN] 30+13.126 31.1£1427 29£12225 p=0115
ALT [1U/1] 264+1423 27+1423 25813921 p=0319
CK-MB [ng/ml] 1694103 14 169410.2 14 16810515 p=0970
“Troponin T [ug/l] 1415.1£6266.3 9.6 2036.247962.8 11.2 860.4+4161.4 9.4 p=0278
TC [mg/dl] 186.4£52 179 184.3£44.6 182 188.2£57.9 179 p=0872
HDL-C [mg/dl] 56518354 569+17.555 56241952 p=0383
LDL-C [mg/dl] 115.9+38.1 107 114.3£34.2107 117.4£41.4 109 p=0871
TG [mg/dl] 143.8+154.8 116 136.1£99.7 115 150.6+191.1 116 p=0.705
Cr [mg/dl] 12£121 125111 13£131 p=0.786
FC [mg/dl] 122.8+49.6 109 121.4+45.5107.5 124453.1 110 P

CRP [mg/l] 14.6£37.84.5 163142547 13.1£33.13.6

UA [mg/dl] 62259 63216 61£1959 p=0449
D-Dimery [ng FEU/ml] 25£3708 344511 194208 p=0764

werage; SD = standard deviation, *=p<0.05.
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Group 1 Group 2 Group 3

Characteristic (no stenosis) (stenosis) (occlusion)

N=56 N=58 N=80
Male/Female (N) 32/24 36/22 48/32 093
Age (year) 58.61 + 7.38%¢ 64.66 + 8.94" 68.33 + 9.52¢ <0.001
Duration (year) 7.5 (4.0-10.0)*¢ 10 (9.0-15.0)* 10.0 (8.0-16.5)° 0.01
Smoking (Yes/No) 16/40 26/32 44/36 0.338
BMI (Kg/m’ ) 22.2 (20.0-23.5)*¢ 23.2 (21.35-25.5) 25.6 (22.2-27.9)° 0.032
Hypertension (Yes/No) 20/36"¢ 38/20° 62/18° 0.002
SBP (mmHg) 127.5 (120.0-130.0)° 125.0 (120.0- 150.0)° 150.0 (136.0-159)%¢ <0.001
DBP (mmHg) 80.0 (70.0-85.2) 77.0 (70.0 - 85.5) 74.0 (70.0-80.0) 0.601
HbAlc (%) 8.6 (7.20-10.15)° 8.9 (7.60- 10.25) 9.65 (8.6-11.2)
(mmol/mol)* 70.49 (55.19-87.43) 73.77 (59.56-88.52) 81.97 (70.49-98.91) 0.045
TG (mmol/L) 4.26 £ 1.07 4.46 + 1.44 393 £ 143 0.251
TC (mmol/L) 3.58 (2.30-4.92) 3.22 (2.15-4.20) 242 (1.29-3.81) 0.090
HDL (mmol/L) 1.15 (1.01-1.33)* 111 (1.00-1.41)* 1.05 (0.87-1.14)° 0.020
LDL-c (mmol/L) 231 (1.59-2.57)° 2.52 (1.84-2.93)° 2.88 (2.29-3.60)>¢ 0.006
eGFR (ml/min/l.73mz) 96.17 + 10.92 92.74 + 8.54 84.63 + 7.62 0.072
'WBC (*10° /L) 5.82 (4.97-6.77) | 5.80 (4.98-7.42) 6.88 (5.35-8.76) 0.080
Neutrophil count (*10°/L) 3.30 (2.75-3.98)° 3.51 (2.87-5.25) 4.30 (3.08~6.16)° 0.012
Lymphocyte count (*10°/L) 1.96 (1.58-2.35)° 1.68 (1.22-2.14) 1.38 (1.16-2.07)° 0.012
CRP( (mg/L) 1.69 (0.85-3.42)° 1.97 (1.02-4.09) 2.26 (1.56-4.97) 0.036

Rutherford classification, % (n/N)

1 57.14 (32/56) 44.83 (26/58) 36.25 (29/80)
2 3750 (21/56) 42.38 (24/58) 35.00 (28/80)
3 5.36 (3/56) 3.45 (2/58) 17.50 (14/80)
4 (0/56) 3.45 (2/58) 11.25 (9/80)

Leriche—Fontaine classification, % (n/N)

Ila 57.14 (32/56) 44.83 (26/58) 36.25 (29/80)
iy 42.86 (24/56) 51.72 (30/58) 5250 (42/80)

il 0 (0/56) 3.45 (2/58) 11.25 (9/80)

Vessel lesions, % (n/N)

Above The Knee / 46.55 (27/58) 13.75 (11/80)

Below The Knee / 53.45 (31/58) 86.25 (69/80)
NLR 176 (1.28-2.23)*¢ 235 (1.71-3.24)*° 3.60 (2.66-6.02)"< 0.001
ABI 111 +0.14 1.02 +0.12%° 0.94 + 0.13°¢ <0.001

Data shown as mean + SD for continuous variables, and median (interquartile range) for skewed data.

Bold values indicate statistical significance. *Comparison of group 1 and group 2; "Comparison of group 2 and group 3; “Comparison of group 1 and group 3; * HbA 1c values were calculated as
‘mmol/mol, the NGSP converter is available online (http://www.ngsp.org/convertl.asp).

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HbA Ic, Hemoglobin Alc; TG, triglycerides; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol;
LDL-c, low-density lipoprotein cholesterol; WBC, white blood cell; eGFR, Estimated glomerular filtration rate; CRP, C-reactive protein; NLR, the neutrophil-to-lymphocyte ratio; ABI, ankle-
brachial index.
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Independent 95% ClI

variables
Age 0.077 ‘ 0027 1.080 1.024-1138 8288 0.004
BMI 0.235 ‘ 0.112 1.265 1.015-1.578 4.369 0.037
SBP 0.042 ‘ 0.020 1.043 1.003-1.083 4.566 0.033
LDL-c 1.043 \ 0.424 2838 1.236-6.514 6050 0.014
NLR 0.759 ‘ 0.226 2136 ‘ 1.370-3.327 11.255 0.001
ABI -3.703 \ 2252 0025 0.000-2.034 6704 0.010

‘The variables with p<0.05 among the above univariate factors (shown in Table 1) were included in the logistic regression model for multivariable analysis.
BMI body mass index; SBP, systolic blood pressure; LDL-c, low-density lipoprotein cholesterol; NLR, the neutrophil-to-lymphocyte ratio; ABI, ankle-brachial index. Bold values indicate
statistical significance.
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Variables Hazard Ratio(95%Cl)
NLR oo L 12.075 (1.311-3.284)

ABI*10 B 1 0.468 (0.298-0.737)

04 06 08 10 12 14 16 18 20 22 24 26 28 30 3.2
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Model 1 Model 2 Model 3

HR (95%Cl) P value HR (95%Cl) P value HR (95%Cl) P value

All-cause mortality
OBS 0.96(0.95,0.97) <0.001 0.96(0.95,0.97) <0.001 0.98(0.97,0.99) <0.001

OBS quartiles

Q1 ref ref ref

Q2 0.69(0.57,0.84) <0.001 0.67(0.56,0.82) <0.001 0.74(0.61,0.89) 0.002

Q3 0.63(0.54,0.75) <0.001 0.65(0.55,0.77) <0.001 0.78(0.67,0.92) 0.003

Q4 0.47(0.38,0.58) <0.001 ‘ 0.52(0.43,0.63) <0.001 0.70(0.58,0.86) <0.001
P for trend <0.001 ‘ <0.001 <0.001

Cardiovascular mortality
OBS 0.95(0.93,0.97) <0.001 0.95(0.93,0.97) <0.001 0.97(0.95,0.99) 0.003

OBS quartiles

Q1 ref ref ref

Q2 0.66(0.46,0.94) 0.023 0.64(0.45,0.90) 0.011 0.70(0.50,0.98) 0.036
Q3 0.64(0.45,0.91) 0.014 0.65(0.46,0.92) ‘ 0.016 0.78(0.56,1.09) 0.140
Q4 0.39(0.25,0.59) <0.001 0.42(0.27,0.66) <0.001 0.57(0.36,0.88) 0.011

P for trend <0.001 <0.001 0.021

Model 1: no adjusted.

Model 2: adjusted for age, sex, and race.

Model 3: further adjusted for PIR, marital status, education level, smoking status, and hypertension based on Model 2.

PIR, poverty income ratio; OBS, oxidative balance score; T2DM, diabetes mellitus; HR, hazard ratio; CI, confidence interval.
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Model 1 Model 2 Model 3

HR (95%Cl) P value HR (95%Cl) P value HR (95%Cl) P value

All-cause mortality
Lifestyle OBS 0.92(0.88,0.97) 0.001 0.84(0.80,0.88) <0.001 0.91(0.87,0.96) <0.001

Dietary OBS 0.96(0.95,0.97) <0.001 0.97(0.96,0.98) <0.001 0.98(0.97,0.99) 0.002

Cardiovascular mortality
Lifestyle OBS 0.91(0.85,0.98) 0.016 0.82(0.76,0.89) <0.001 0.89(0.82,0.97) 0.008

Dietary OBS 0.95(0.93,0.97) <0.001 0.96(0.94,0.98) <0.001 0.97(0.95,0.99) 0.009

Model 1: no adjusted.

Model 2: adjusted for age, sex, and race.

Model 3: further adjusted for PIR, marital status, education level, smoking status, and hypertension based on Model 2.

PIR, poverty income ratio; OBS, oxidative balance score; T2DM, diabetes mellitus; HR, hazard ratio; CI, confidence interval.
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HR (95% CI) P value P for interaction

Age, years 0.607
260 0.98(0.96,0.99) <0.001
<60 0.99(0.97,1.01) 0.210

Sex 0.924
male 0.98(0.97,0.99) 0.003
female 0.98(0.96,1.00) 0.013

BMI ‘ 0.220
<30 0.98(0.97,1.00) ‘ 0.024
=30 0.97(0.96,0.99) <0.001

Smoking ‘ 0.953
former 0.98(0.96,0.99) 0.009
now 0.97(0.95,1.00) 0.016
never 0.98(0.97,1.00) 0.015

Hypertension 0.071
yes 0.98(0.97,0.99) 0.003
no 0.96(0.94,0.99) 0.002
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HR (95% CI) P value P for interaction

Age, years 0.169
=60 0.97(0.95,0.99) 0.005
<60 0.96(0.91,1.00) 0.044

Sex 0.518
male 0.96(0.94,0.98) 0.001
female 0.97(0.95,1.00) 0.062

BMI 0.160
<30 0.98(0.95,1.00) 0.101
=30 0.96(0.93,0.98) 0.002

Smoking 0.173
former 0.96(0.93,0.99) 0.019
now 0.93(0.89,0.97) <0.001
never 0.99(0.96,1.01) 0.325

Hypertension 0.016
yes 0.98(0.95,1.00) 0.058
no 0.93(0.90,0.96) <0.001






OPS/images/fendo.2024.1482985/table3.jpg
Repeated measurement analysis

Group (n=93) Cohen’s d of variance

Index and

time points AE AE BFR-RT Group X

Control BFR-RT BFR-RT T Ti G
(n=31) (n=30) (n=32) versus VErsus o cis AE ime ime roup

Control  Control Interaction

Fasting plasma glucose (FPG), mmol/L

TO 836+ 1.13 8.11 £ 1.30 8.18 £ 1.36 -0.206 -0.144 0.053 E 4.663 8.173 3.220
T3 8.53 + 1.28 Y72 L1 7.80 £ 1.11 -0.634* -0.610% 0.027 P 0.002 0.001 0.045
6 848108 | 758099 772089  -0.868% -0.769* 0.149 WP 0.094 0083 0.067
3 verase T0 0.17 033062, -037(-065,
(-0.11, 0.44) 0.05)* -0.10)*
0.11 -0.53(-0.89, -0.46(-0.81,
T6 versus T0
TRES (-024,047) | -0.16)" -0.10)"

Glycosylated hemoglobin (HbAlc), %

TO 8.23 + 1.02 7.87 +0.93 8.01+083  -0.369 -0.237 0.159 E 16.495 92,671 3.706

T3 822£097 | 7554091 | 7734088 | -0712* 0530 0201 p <0.001 <0001 0028
T6 8.17 £ 097 7.35 £0.84 7.57 £ 0.89 -0.903* -0.645* 0.254 nZP 0.268 0.507 0.076
3 versus TO -0.01 10.32(-043,  -028(-0.39,
(-0.11, 0.10) 2021 L0.17)#
-0.06 052(-0.64, | -0.44(-0.55,
T6 T0
e (-0.18,006) | -0.40)# 032)#

BERE, blood flow-restrictive resistance exercise group; RT, moderate-intensity resistance training group; n’P, partial eta-squared; T0, baseline; T3, at third month; T6, at sixth month;
*, significant difference at p < 0.05; #, significant difference at p < 0.001.
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Group (n=93)

Characteristic AE
(EX{0)}
Age, years 56.29 +5.92 57.73 £ 5.85 57.56 + 4.85 0.622 0.539
Height, cm 163.61 £ 7.18 165.53 + 8.90 164.59 + 9.35 0.386 0.681
10 years of ASCVD risk index,% 8.60 + 2.62 8.54 +£2.77 8.29 +3.29 0.100 0.905
Male 11(35.5) 16 (53.3) 16 (50.0)
Sex 2232 0.328
Female 20 (64.5) 14 (46.7) 16 (50.0)
City 23 (742) 25 (83.3) 26 (81.2)
Current residence 0.868 0.648
Countryside 8 (25.8) 5(16.7) 6 (18.8)
Yes 23 (74.2) 19 (63.3) 21 (65.6)
Medications used for blood pressure 0923 0.630
No 8(25.8) 11 (36.7) 11 (34.4)
Yes 9(29.0) 12 (40.0) 12 (37.5)
Current smoking 0.888 0.642
No 22 (71.0) 18 (60.0) 20 (62.5)
Yes 11 (35.5) 8 (26.7) 14 (43.8)
CVD family history 1.974 0.373
No 20 (64.5) 22 (73.3) 18 (56.2)
2-5 13 (41.9) 15 (50.0) 14 (43.8)
Course of diabetes, years 5-10 11 (35.5) 10 (33.3) 13 (40.6) 0.961 0916
>10 7 (22.6) 5 (16.7) 5 (15.6)
Oral medication 17 (54.8) 14 (46.7) 19 (59.3)
Glucose-lowering medication Oral medication + insulin 6(19.4) 11 (36.7) 7 (21.9) 3229 0.520
Other 8 (25.8) 5 (16.6) 6 (18.8)
Yes 13 (41.9) 10 (33.3) 8(25.0)
Medications used for dyslipidemia 2032 0.362
No 18 (58.1) 20 (66.7) 24 (75.0)
Systolic, mmHg 132.48 + 10.19 130.67 +9.00 131.31 £ 11.15 0.251 0.779
Blood pressure
Diastolic,mmHg 79.06 + 8.79 80.13 + 8.60 78.50 +9.24 0.268 0.765
FPG, mmol/L 836+ 1.13 8.11 £ 1.30 8.18 + 1.36 0.337 0.715
Diabetes indicators
HbAlc% 8.23 + 1.02 7.87 £0.93 8.01+0.83 1134 0.326
TC, mmol/L 4.58 + 0.96 4.36 £ 0.78 4.67 £0.75 L1121 0.330
TG, mmol/L 211+ 1.04 1.84 + 1.03 195 +0.84 0.602 0.550
LDL-C, mmol/L 2.63 + 0.64 2.55 £0.74 2.69 +0.65 0.346 0.708
HDL-C,mmol/L 101 +0.32 101 £0.21 110 £ 0.24 1.310 0.275
Blood lipid components non- HDL-C, mmol/L 357 £092 3.34 £0.73 3.57 £0.83 1.674 0.512
lipoprotein (a), mg/L 111.58 +45.32 115.60 + 46.06 110.03 + 43.22 0.126 0.882
ApoAl, g/L 1.16 + 0.37 1.09 +0.31 117 £0.20 0.672 0.513
ApoB, g/L 0.84 +0.25 0.82 £0.19 0.86 +0.22 0.375 0.688
ApoB/ApoAl 0.78 + 0.30 0.81 £0.32 0.76 + 0.22 0.263 0.770
TyG index 9.44 + 0.52 9.23 £0.57 9.36 + 0.46 1192 0.308
Obesity indicators WC, cm 88.94 +8.12 88.80 +7.72 86.03 +9.22 1.201 0.306
Weight, kg 72.32 £ 8.93 73.07 + 9.52 71.63 + 10.11 0.177 0.838
BMI, kg/m2 2692 + 1.74 26.56 + 1.55 2633 £ 1.76 0.984 ‘ 0.378
WHtR 0.54 + 0.04 0.54 + 0.04 0.52 + 0.05 1.817 ‘ 0.168

AE, aerobic exercise group; BFR-RT, blood flow-restrictive resistance training group; FPG, fasting plasma glucose; HbAlc, Glycosylated hemoglobin; TC, total cholesterol; TG, triglycerides;
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; WHIR, waist-to-height ratio; BMI, body mass index; ApoAl, ApolipoproteinAl; ApoB,
ApolipoproteinB; TyG, triglyceride-glucose index; WC, waist circumference.





OPS/images/fendo.2024.1482985/table2.jpg
Repeated measurement analysis

Group (n=93) Cohen’s d of variance

Index and

time points AE BFR-RT = BFR-RT Group X

Control AE BFR-RT

(n=31) 30) (n=z2) versus versus versus Time Time  Group

Control  Control AE Interaction

10 years atherosclerotic cardiovascular disease (ASCVD) risk index, %

TO 8.60 + 2.62 8.54 £ 277 829 +£3.29 -0.022 -0.104 -0.082 F 13.653 55418 4.017

T3 878+258 | 717£229 | 690£236 | -0.659° 0761 -0.116 p <0001 <0001 0021
T6 855 £ 197 6.19 £ 1.88 6.07 £2.28 -1.225# -1.163# -0.057 T]ZP 0.233 0.381 0.082
0.18 -1.37(-2.03, -1.39(-2.03,-
T3 To
versus (-0.47, 0.83) 071)% 075)#
T6 versus TO -0.05 -2.34(-3.05, -2.22(-2.91,
(-0.75, 0.65) -1.63)# -1.54)#

AE, aerobic exercise group; BER-RT, blood flow-restrictive resistance training group; 0P, partial eta-squared; T0, baseline; T3, at third month; 6, at sixth month; *, significant difference at
P < 0.05; #, significant difference at p < 0.001.
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B p-value OR 95% confidence interval

NLR .730 .002 2.075 1311 3.284

ABI*10 -759 | .001 468 298 .737

Severe PAD, stenosis >70% in PAD.
NLR, the neutrophil-to-lymphocyte ratio; ABI, ankle-brachial index; OR, Odds Ratio.
p<0.05 is marked with bold font.
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Performing BFR-RT with 40-50% LOP and a resistance load of

_ 20~40% 1-RM for 4 sets. Blood flow restriction is maintained | |
Inflation and Complete time is 2 minutes
between each set, with a total restriction time of 6.5 minutes.
pressurization deflation and

Blood flow reperfusion

Resistance training on the
1 minute - | rest 30s
core muscle group (chest,

abdomen, waist or back)

Warm up : S minutes — BFR-RT: 10 minutes < 3 (30 minutes) — Stretching: S minutes, the total exercise time is 40 minutes.
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Recruiting Participants (n = 373)

Excluded (n=245)

> Did not meet the inclusion criteria (n= 81)

»  Unwilling or uninterested to participate (n= 56)

»  Relocation, lack of time or other reasons (n =108)

Randomly allocated to three groups (n=128)

Control group (n = 42) AE group (n = 43) BFR-RT group (n =43)
Follow-up for six months

4  Excluded(n=11) 4 Excluded (n=13) 4  Excluded (n=11)

» Third month: Lost contact or unwilling » Third month: Unwilling to participate in » Third month: Failure to meet the
to participate in the measurement (n = 8) the intervention or measurement (n=9) requirements (n = 7)

> Sixth month: Unstable condition or » Sixth month: Failure to meet the > Sixth month: Failure to meet the

relocated (n = 3) requirements or diseased incidence (n=4) requirements or relocated (n = 4)

Finally analyzed (n = 31) Finally analyzed (n = 32)

Finally analyzed (n = 30)
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Variables ration BMI SBP LDL HbA1 \| ABI
Group Rho ‘ 0.298* 0417 0.511 0.496* 0309% 0.609** -0.471%
P ‘ 0.006 <0.001 <0.001 <0.001 0.002 <0.001 <0.001

**At the 0.01 level (two-tailed), the correlation was significant.
BMI, body mass index; SBP, systolic blood pressure; HbA I¢, Hemoglobin Alc; LDL-c, low-density lipoprotein cholesterol; HbAlc, Hemoglobin Alc; NLR, the neutrophil-to-lymphocyte ratio;
ABI, ankle-brachial index. Bold values indicate statistical significance.
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Number of Random Effects Standard Random Effects Standard Deviation P-Value in

Outcomes

Closed Loops Deviation in Consistency Model in Inconsistency Model Node Split
BMI 1 0.91(0.06, 3.10) 0.96(0.06, 3.18) 0.65
7SBP » 0 [ 4.77(0.34, 942) 474 (0.59, 9.38) /
PF 1 0.44 (0.25, 0.89) 0.46 (0.26, 0.93) 0.84
DBP 0 223(0.01, 5.42) 228 0.17,5.40) /

BMI, body mass index; SBP, systolic blood pressure; PE, physical function; DBP, diastolic blood pressure.
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Population

Obese women, BMI > 40
kg/m2, undergoing a
Roux-en-Y GBS for more
than 5 years.

Adults aged 18 to 65 years,
planning to undergo either
primary gastric bypass or
sleeve gastrectomy.

Patients slated for
laparoscopic Roux-en-Y
gastric bypass surgery over
30 months.

Participants at least 6
months after
bariatric surgery.

Patients aged between 18-
60 years old with no
absolute contraindications

to practice
physical exercise.

Obese adults age > 18
years, body mass index >
28.0 kg/m2, underwent
initial Roux-en-Y gastric
bypass, sleeve gastrectomy,
or jejunojejunal bypass.

People had Roux-en-Y
gastric bypass (n = 50) and
sleeve gastrectomy (n =
17) within the past 12
months and had not been
presently involved in
exercise training.

Severely obese patients
planned to undergo
biliopancreatic diversion
with duodenal switch
(n=30) or sleeve
gastrectomy (n=30). All of
them were between 18 and
65 years of age, <200 kg.

Sixty severely obese men
and women
(biliopancreatic diversion
with duodenal switch = 30,
sleeve gastrectomy = 30),
aged between 18 and
65 years.

21 patients underwent
sleeve gastrectomy after a
3-year follow-up.

Female between 18 and 65
years, and BMI of 40 kg/
m2 or higher or BMI of 35
kg/m2 or higher with at
least one
obesity comorbidity.

Participants’ BMI > 35
with obesity-related disease
or BMI > 50 with obesity-

related social or

physical complications.

Participants’ BMI > 35
with obesity-related disease
or BMI > 50 with obesity-

related social or
physical complications.

Sixty white patients (15
male and 45 female), BMI
> 35 kg/m2, aged 20-50-
year-olds, were recruited
and underwent Roux-en-Y
gastric bypass (n = 27)
surgery or sleeve
gastrectomy (n = 33).

BMI = 35.5, exercising <
20min/day within the
previous 3 months,
undergone bariatric
surgery at least 3 months
earlier, and being 18-65
years old.

Only women.

Male 33(21.6%), Female
120 (78.4%).

49 female (86%) in
intervention group, 47
female (73%) in
control group.

35 females and 19 males.

21 were allocated to
intervention group (6 men
and 15 women) and 22 were
allocated to control group.
(5 men and 17 women).

60 were allocated to
intervention group (16 men
and 44 women) and 60 were

allocated to control

(25 men and 35 women).

33 were allocated to
intervention group (5 men
and 28 women) and 37 were
allocated to control group
(6 men and 31 women).

Male 13(22%), Female
45 (78%).

34 were allocated to
intervention group (8 men
and 26 women) and 15 were
allocated to control group
(4 men and 11 women).

Intervention group, n=10
(male 1, female 7); control
group, n=8(male 3,
female 7).

76 women, no men.

32 were allocated to
intervention group (11 men
and 20 women) and 28 were

allocated to control group
(7 men and 21 women).

32 were allocated to
intervention group (11 men
and 20 women) and 28 were

allocated to control group
(7 men and 21 women).

20 were allocated to control
group (4 men and 16
‘women) and 20 were

allocated to aerobic group

(5 men and 15 women) and

20 were allocated to aerobic

and strength group (6 men

and 14 women).

12 were allocated to control
group (1 men and 11
women) and 21 were
allocated to moderate-

intensity aerobic group (2
men and 19 women).

Surgery
Included

Roux-en-
Y GBS.

Primary gastric
bypass or
sleeve

gastrectomy
surgery.

Laparoscopic
Roux-en-Y
gastric bypass.

Bariatric
surgery.

Sleeve
gastrectomy.

Initial Roux-
en-Y gastric
bypass, sleeve
gastrectomy
(SG), or SG +
jejunojejunal
bypass.

Roux-en-Y
gastric bypass
and
sleeve
gastrectomy.

Duodenal
switch or
sleeve
gastrectomy.

Sleeve

gastrectomy
and

biliopancreatic
diversion with
duodenal
switch.

Sleeve
gastrectomy.

Roux-en-Y
gastric bypass.

Roux-en-Y
gastric bypass.

Roux-en-Y
gastric bypass.

Roux-en-Y
gastric bypass
surgery or
sleeve
gastrectomy.

Roux-en-Y
gastric bypass
and
gastric
banding.

Interventions

Aerobic training.

Standard care
for OPBS.

Nutritional
counselling and
exercise guidance.

Standard care
for OPBS.

Exercise
prescription.

Standard care
for OPBS.

Telehealth
supervised home
core
stabilization
program.

Standard care
for OPBS.

Aerobic and
strength and
flexibility training.

Standard care
for OPBS.

Transtheoretical
model-based
exercise

training program

Standard care
for OPBS.

Aerobic and
strength training.

Standard care
for OPBS.

Aerobic and
strength training.

Standard care
for OPBS.

Aerobic and
strength training.

Standard care
for OPBS.

Aerobic and
strength training.

Standard care
for OPBS.

Additional oral
protein intake and
supervised
resistance training.

Additional oral
protein intake
without supervised
resistance training.

Standard care
for OPBS.

Aerobic and
strength training.

Standard care
for OPBS.

Aerobic and
strength training.

Standard care
for OPBS.

Standard care
for OPBS.

Aerobic training.

Aerobic and
strength training.

Moderate-intensity
aerobic exercise.

Standard care
for OPBS.

Main Findings

Morbidly obese women have slower HR kinetics
and altered cardiac modulation during submaximal
exercise. However, aerobic exercise training can
produce beneficial adaptations in HRV and faster
HR kinetics following GBS.

A lifestyle intervention in the first 12 months
following bariatric surgery does not improve weight
loss or health outcomes.

Patients in both groups lost considerable weight,
had reduced waist circumference, and increased PA.
Although marked differences between groups were
not observed over one year, the intervention group
increased its PA 6-months postoperatively.

Eight weeks of a home-based telehealth core
exercise program improves core endurance, postural
stability, and aerobic capacity in patients
following BS.

Physical exercise in obese patients undergoing

bariatric surgery increased functional capacity

independently of weight losses resulting from
bariatric surgery.

Compared with the control group, the 12-week
TTM-based intervention significantly helped
participants advance, perceive more benefits and
fewer barriers to exercise, and show higher exercise
adherence and better physical function afterward.

The intervention was overall ineffective, except for
slight, but significant improvements in selected
functional outcomes.

Twelve weeks of supervised aerobic and resistance
training program initiated 3 months after bariatric
surgery has an added benefit on improving
cardiorespiratory fitness and preserves leg muscle
mass in severely obese patients.

Similar weight loss on HDL-cholesterol levels
without additional effect on LDL-cholesterol levels.

In the medium-term after sleeve gastrectomy
exercise may contribute to prevent weight regain
and to reduce fat mass, glycaemia, and
blood cholesterol.

Loss over time in lean body mass did not differ
between groups. Loss in muscle strength observed
after bariatric surgery can be overcome by
resistance training with additional protein intake.

The supervised physical training intervention
resulted in a 4.2-kg lower body weight in
intervention group compared with control group at
the study end. The high-density lipoprotein
concentration was significantly higher in
intervention group than in control group at the
termination of the intervention, but this was not
maintained at the 24-months examination.

RYGB surgery alone has no effect on aerobic
capacity, but decreases MS and improves physical
function during the first 6 months following
surgery. Supervised physical training following
RYGB surgery is feasible and improves all three
measures of physical capacity.

Twelve weeks of aerobic or aerobic-strength
exercise after bariatric surgery leads to greater
weight and fat mass reduction. Doing exercise after
surgery is more effective for improving the aerobic
performance than surgery alone. Moreover, adding
strength exercise to aerobic exercise after bariatric
surgery reduces muscle mass loss and
increases 1RM.

HVEP is feasible in about 50% of the patients and
enhances physical fitness and reduces postprandial
blood glucose in bariatric surgery patients.

HR, heart rate; BMI, body mass index; GBS, gastric bypass surgery; OPBS, overweight patients after bariatric surgery; PA, physical activity; BS, bariatric surgery; TTM-based intervention,
transtheoretical model-based exercise training program intervention; HDL, high-density lipoprotein; LDL, low-density lipoprotein; RM, repetition maximum; HVEP, high-intensity

exercise program.





OPS/images/fendo.2024.1465718/fendo-15-1465718-g007.jpg
0.8
0.7
0.6
0.5
0.4
0.3

0.2
0.1

mRank 1
m Rank 2
m Rank 3
™ Rank 4
mRank 5
m Rank 6

Rank Probability of PF

Aerobic and

Stength | Aerobic
Training
0.02 (0]
0.14 0.01
0.74 0.04
0.08 0.22
0.02 0.31
o 0.42

Nutritional
Behaviour and TTM-based
Guidance Intervention
Exercise Program
Interventions
(0] 0.42
0.02 0.47
0.07 0.07
0.21 0.02
0.24 0.01
0.46 0.01

Telehealth
Core Exercise

0.56
0.36
0.05
0.01
0.01
0.01

mRank1l mRank?2 ®mRank3 mRank4 mRank5 mRank6

Control

0.03

0.46

0.42
0.1





OPS/images/fendo.2024.1465718/fendo-15-1465718-g006.jpg
0.7
0.6
0.5
0.4
03
0.2
0.1

0

HRank 1
W Rank 2
M Rank 3
M Rank 4
mRank S5
mRank 6

Aerobic and
Strength and
Flexibility Training

0.02
0.03
0.03
0.09
0.23
0.6

Rank Probability of DBP

Aerobic and
Strength Training

0.18
0.24
0.24
0.22
0.09
0.02

Exercise
Prescription

0.48
0.23
0.13
0.09
0.05
0.02

Moderate-intensity Jisd-hased
i 2 Intervention Control
Aerobic Exercise
Program

0.22 0.04 0.05
0.15 0.05 031
0.13 0.07 0.4
0.19 0.18 0.21

0.2 0.41 0.03
0.11 0.25 0

mRank1 mRank? mRank3 mRank4 mRankS mRanké6





OPS/images/fendo.2024.1465718/fendo-15-1465718-g005.jpg
Rank Probability of SBP

0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
il Liat I
0 [ | [ | | N =ufl =]
Aerobic and Aerobic and Exercise Moderate- TTM-based
Strength and strafiath Tranin Praseiption Intensity Aerobic Intervention Control
Flexibility Training gt ining pu Exercise Program
HRank 1 0.22 0.09 0.14 0.36 0.03 0.15
WRank 2 0.18 0.13 0.07 0.22 0.04 0.35
mRank3 0.21 0.19 0.06 0.13 0.07 033
mRank 4 0.18 0.26 0.1 0.13 0.19 0.14
mRank 5 0.13 0.25 0.15 0.1 035 0.03
mRank 6 0.07 0.09 0.47 0.05 0.31 0

mRank1 mRank?2 m®mRank3 ®mRank4 mRank5 mRanké6





OPS/images/fendo.2024.1465718/fendo-15-1465718-g004.jpg
Rank Probability of BMI

0.4
035
03
0.25
0.2
0.15
I I 11| LT T
0 Ill- i | | [ lll- -Ill ll IIIII I" n l.
Nutritional Protein
Aerobicand Aerobic and ; s Behaviour . In(ake,.and TTM-based
Strength and Aerobic Exercise : Protein Intake  Supervised P
A Strength = e and Guidance Intervention Control
Flexibility st Training Prescription . Group Strength
- Training Exercise i Program
Training . Training
Interventions
Group
mRank 1 0.15 0 0.29 0.09 0.01 0.1 0.34 0.02 0
mRank 2 0.21 0 0.29 0.16 0.02 0.12 0.15 0.04 0
®Rank 3 0.22 0.01 0.21 0.23 0.05 0.08 0.11 0.07 0.02
W Rank 4 0.16 0.04 0.14 0.22 0.07 0.08 0.09 0.09 0.12
mRank S 0.11 0.09 0.04 0.14 0.1 0.08 0.07 0.12 0.25
m Rank 6 0.05 0.16 0.02 0.06 0.13 0.06 0.05 0.13 0.35
mRank 7 0.04 0.26 0.01 0.04 0.16 0.07 0.05 0.16 0.2
mRank 8 0.03 0.29 0.01 0.03 0.2 0.15 0.07 0.16 0.06
mRank 9 0.02 0.15 0 0.02 0.27 0.26 0.07 0.2 0.01

BRank1l BRank2 ®Rank3 ®BRank4 BRankS ®BRank6 BRank7 BRank8 BRank9





OPS/images/fendo.2024.1465718/fendo-15-1465718-g003.jpg
Bias Assessment of the Study
b.

Random sequence generation (selection bias)

Allocation concealment (selection bias)

Blinding of paricipants and personnel (performance bias)
Blinding of outcome assessment (detection bias)
Incomplete outcome data (attrition bias)

Selective reporting (reporting bias)

Other bias

I

0000050503 35@ @ |ransomsequencegeneraton selecton bias)

% 25%
W Hioh sk of bias

50% 75% 100%

.Low isk of bias .Un:lear tisk of bias

Alireza 2017
Audrey 2019
Friedrich 2023
Gersiel 2021
Isabelle 2020
Jean-Michel 2018
Lene 2018
Marc-Heranderz 2020
Maria 2022
Meena 2011
Monika 2021
Mundbjerg 2018
offat 2022
Viviane 2020

Ziqi 2021

® 202 3|9 @| 2| @] #ocaton conceament (selection bizs)

0023320399 |3(2|@|3|@ emnsngotpaticpsns and personnel (perfomance bizs)

0303390333 |3(2|@|@®| > sinsngofoutome sssessment (detecton bias)

0(0/00/0/0/0/0/0/0/0/0]0]5 0]y

N00000000000000EEEE T

00000000000 00600






OPS/images/fendo.2024.1421838/table1.jpg
Animals/cells Iron measurement/method Trend Reference

High fat diet/STZ-induced diabetic rats Total myocardial iron, no change 37
atomic absorption spectrophotometry

Type 2 diabetic mice Labile iron levels/ Iron Colorimetric Assay Kit increase 38

STZ-induced diabetic rats Intracellular ferrous ion (Fe2+)/ Iron assay kit increase 39

H9¢2 cells Intracellular ferrous ion (Fe2+)/Iron assay kit increase 40
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Characteristics Total Tertile 1 Tertile 2 Tertile 3 P value

Numbers 3460 1862 1045 553
Age, years 5239 + 9.09 52.81 + 8.30 53.54 £8.77 4881 +11.15 <0.0001
Male, N (%) 2726 (78.8) 1479 (79.4) 776 (74.3) 471 (85.2) <0.0001
Current smoker, N (%) 1161 (33.6) 652 (35.0) 328 (31.4) 181 (32.7) 0.1253
Current drink, N (%) 1275 (36.8) 711 (382) 354 (33.9) 210 (38.0) 00579
Salt intake, N (%) 430 (12.4) 248 (13.3) 119 (11.4) 63 (11.4) 02296
Education levels, N (%) 602 (17.4) 300 (16.1) 203 (19.4) 99 (17.9) 00731
Physical exercise, N (%) 673 (19.5) 380 (20.4) 207 (19.8) 86 (15.6) 00380
FBG (mmol/L) 902 + 2.81 9.66 + 2.75 855+273 7.80 +2.59 <0.0001
BMI (kg/m?) 2626 + 330 2653 +3.25 26.17 £3.25 2553 +3.48 <0.0001
eGFR290ml/(min-1.73m?), N (%) 2274 (65.7) 1211 (65.0) 720 (68.9) 343 (62.0) 00148
HDL-C (mmol/L) 1.54 041 153 £ 0.41 154 £ 0.40 159 +0.39 0.0059
LDL-C (mmol/L) 246 £ 0.93 245 +0.92 242093 255 +0.92 00254
Hypertension, N (%) 1989 (57.5) 1068 (57.4) 618 (59.1) 303 (54.8) 02438
Antidiabetic medication, N (%) 640 (185) 326 (17.5) 233 (223) 81 (14.6) 0.0002
Antihypertensive medication, N (%) 1452 (42.0) 736 (39.5) 457 (43.7) 259 (46.8) 00036

BMI, body mass index; ¢GFR, estimated glomerular filtration rate; FBG, fasting blood glucose; LDL, low-density lipoprotein; HDL, high-density lipoprotein.
TITRE: TITRE as defined by intensive blood glucose ranges.
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Characteristics Total Tertile 1 Tertile 2 Tertile 3 P value

Numbers 3460 1179 1276 1005
Age, years 5239 + 9.09 5250 + 8.08 53.33 8.6 5108 + 1049 <0.0001
Male, N (%) 2726 (78.8) 959 (81.3) 955 (74.8) 812 (80.8) <0.0001
Current smoker, N (%) 1161 (33.6) 421 (35.7) 409 (32.1) 331 (329) 01412
Current drink, N (%) 1275 (36.8) 461 (39.1) 429 (33.6) 385 (38.3) 00100
Salt intake, N (%) 430 (12.4) 154 (13.1) 150 (11.8) 126 (12.5) 06137
Education levels, N (%) 602 (17.4) 786 (15.8) 222 (17.4) 194 (19.3) 0.0955
Physical exercise, N (%) 673 (19.5) 229 (19.4) 247 (194) 197 (19.6) 09889
FBG (mmol/L) 902 + 2.81 10.15 + 2.85 898 +2.71 7.75 +2.30 <0.0001
BMI (kg/m?) 2626 + 3.30 2647 324 2645 +3.33 2577 £ 3.30 <0.0001
eGFR290ml/(min-1.73m?), N (%) 2274 (65.7) 757 (64.2) 861 (67.5) 656 (65.3) 02193
HpLC (mmol/L) 1.54 041 153 £ 0.42 152 % 0.41 157 +0.39 o018t
LDL-C (mmol/L) 246 £ 0.93 245 + 0.95 240 £ 0.91 254 +0.90 0.0022
Hypertension, N (%) 1989 (57.5) 673 (57.1) 748 (58.6) 568 (56.5) 0.5665
Antihypertensive medication, N (%) | 640 (18.5) 186 (15.8) 265 (20.8) 189 (18.8) 0.0060
Antidiabetic medication, N (%) 1452 (42.0) 438 (372) 559 (43.8) 455 (45.3) 0.0002

BMI, body mass index; ¢GFR, estimated glomerular filtration rate; FBG, fasting blood glucose; LDL, low-density lipoproteins HDL, high-density lipoprotein.
TITRE: TITRE as defined by conventional blood glucose ranges.
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Stratification of the association between TITRE and CVDs in the traditional| Stratification of the association between TITRE and CVDs in the intensive

control group. control group.
Subgroup Case Total HR (95% CI) Subgroup Case Total HR (95% CI)
Age, year i Age, year i
<65 320 3184 — - : 0.76 (0.67 to 0.86) <65 320 3184 —- ; 0.72 (0.62 to 0.83)
=65 40 276 - 0.75 (0.52 to 1.07) =65 40 276 —m— 0.69 (0.46 to 1.05)
Sex, N : Sex, N ;
male 284 2726 —- 0.76 (0.67 to 0.87) male 284 2726 —. 0.80 (0.61 to 1.05)
famale 76 734 —.—— 0.80 (0.61 to 1.06) famale 76 734 —_——— 0.79 (0.58 to 1.08)
eGFR, ml/(min-1.73m) 5 eGFR, mi/(min-1.73m) i
<90 66 542 —- 0.79 (0.68 to 0.91) <90 66 542 —- 0.77 (0.65 t0 0.91)
=90 204 2018 S — i 0.72 (0.59 to 0.88) =90 294 2918 ——&— E 0.69 (0.5510 0.87)
Hypertension, N : Hypertension, N i
yes 235 1989 —= 0.80 (0.69 to 0.92) yes 235 1989 —=— 0.76 (0.65 to 0.90)
no 125 1471 —- 0.77 (0.65 to 0.91) no , 125 1471 —&—— | 0.69 (0.54 to 0.89)
BMI, kg/m? ; BMI, kg/m :
<25 113 1256 o= 0.79 (0.64 to 0.97) <25 113 1256 — = 0.74 (0.58 to 0.93)
=25 247 2204 —-— 0.76 (0.66 to 0.88) =25 247 2204 —- 0.75 (0.64 to 0.89)
06 08 1 1.2 06 08 1 1.2

Stratification of the association between TITRE and death in the traditional Stratification of the association between TITRE and death in the intensive

control group. control group.
Subgroup Case Total HR (95% CI) Subgroup Case Total HR (95% CI)
Age, year i Age, year i
<65 320 3184 —- 0.74 (0.62 to 0.87) <65 320 3184 —- 0.72 (0.61 to 0.88)
=65 40 276 —®+——— 095(0.73t0 1.24) =65 40 276 —=—  092(0.77to1.11)
Sex Sex, N i
male 284 2726 —-— 0.81(0.70 to 0.94) male 284 2726 —- 0.82 (0.69 to 0.97)
famale 76 734 ——&—————— 0.66 (0.42t0 1.05) famale 76 734 <~———®————— 077 (04710 1.27)
eGFR ml/(min-1.73m?) i eGFR, ml/(min-1.73m? i
<90 66 542 —- 0.85(0.71to 1.01) <90 66 542 - 0.92 (0.77 to 1.01)
=90 294 2918 ——&— i 0.67 (0.51 t0 0.88) =90 204 2018 «®B— i 0.58 (0.41t0 0.82)
Hypertension ; Hypertension, N :
yes 235 1989 — = IS SEIT0) yes 235 1989 — - 0.81 (0.65t0 0.99)
no 125 1471 _.—E' 0.80 (0.64to 1.01) no 125 1471 _._5_ 0.84 (0.66 to 1.07)
BMI, kg/m? E BMI, kg/m? :
<25 148 1256 — - 0.79 (0.63 to 0.98) <25 148 1256 — - 0.82 (0.65 to 1.05)
=25 148 2204 S B — 0.80 (0.66 to 0.96) =25 148 2204 — = 0.81 (0.66 to 0.99)
06 o8 1 12 06 08 1 12





OPS/images/fendo.2024.1449925/fendo-15-1449925-g003.jpg
1.25

1.00

Hazard Ratio(95%Cl)
o
o

o
w
o

0.25

CVD Risk

P for non-linear=0.1053
P for overall<0.0001

50
TITRE(%)

P for non-linear=0.6331
P for overall<0.0001

75

100

Death Risk P for non-linear=0.4000
P for overall<0.0001

125

Hazard Ratio(95%Cl)
o
-~
o

P for non-linear=0.7519

P for overall<0.0001

0.25

0 25 50 75 100
TITRE(%)





OPS/images/fendo.2024.1449925/fendo-15-1449925-g002.jpg
Cumulative Incidence of CVD (%)

3
=
=
=
©
o
[a]
—
s}
]
]
(=4
7}
=}
o
=
]
2
=]
i
3
£
3
(]

T1

T2

T3

T
T2
T3

1179

1276

1005

Logrank p < 0.001

Time (Years)

1006
1102

917

Logrank p=0.0107

1179
1276
1005

T T
2 3

Time (Years)

1143 1113
1226 1203
981 967

Cumulative Incidence of CVD (%)

Cumulative Incidence of Death (%)

Logrank p < 0.001

T1 1862

T2 1045

T3 553

Time (Years)

1605
900

520

Logrank p=0.0464

-
0

T1 1862
T2 1045
T3 553

T T
2 3

Time (Years)

1805 1763
999 982
546 538






OPS/images/fendo.2024.1449925/fendo-15-1449925-g001.jpg
Participants who were diagnosed with diabetes in 2006 and
participated in the 2016 health examination (n=9489)

Lost to follow-

up more than twice between 2006 and 2016
(n=5398)

Patients with prior diagnosis of CVDs or new-
onset CVD between 2006 and 2016 (n=526)

Data were missing of the FBG (n=105)

A total of 3460 subjects were included in this study
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Adjust HR

(95% CI)

All-cause mortality

Fitting by standard linear model 0.99 (0.90,1.09) 0.89

Fitting by two-piecewise linear model

Inflection point 0.83

<0.83 0.72 (0.63, 0.82) 0.0023

0.83 1.30 (1.17, 1.44) < 0.0001
Log-likelihood ratio <0.001

Cardio-cerebrovascular
mortality

Fitting by standard linear model 1.12 (0.93,1.34) 0.25

Fitting by two-piecewise linear model

Inflection point 0.92

<092 0.83 (0.67,1.04) 0.1044

>0.92 1.47 (1.01,2.15) 0.0455
Log-likelihood ratio 0.014

Age, gender, race, education level, income-to-poverty ratio, marital status, smoking status,
drinking status, vigorous recreational activity, BMI, waist circumference, stroke, CKD, CVD,
hyperlipidemia, hypertension, diabetes, anti-hypertensive drug, anti-hyperlipidemic drug,
anti-diabetic drug, FBG, FTG, HbAlc, uric acid, FTC, and CRP were adjusted.
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Model 1 HR (95% CI) Model 2 HR (95% CI) Model 3 HR (9

Cl)

All-cause mortality ‘
HGI 1.37 (1.26,1.49) 1.20 (1.09,1.33) 099 (0.90,1.09)

HGI category

T 1.0 1.0 1.0
T2 1.07 (092,1.23) 0.87 (0.77,0.99) 0.86 (0.75,098)
T3 1.70 (147,1.97) 1.16 (1.01,1.33) 0.94 (0.81,1.10)

Cardio-cerebrovascular
mortality

HGI 1.57 (1.35,1.83) 1.44 (1.20,1.73) 1.12 (0.93,1.34)

HGI category

Tl 1.0 1.0 1.0
T2 1.17 (0.94,1.47) 0.95 (0.76,1.20) 0.93 (0.74,1.17)
T3 2.02 (1.56,2.63) 1.36 (1.06,1.74) 1.01 (0.78,1.30)

Model 1: no covariates were adjusted.

Model 2:.age, gender, race were adjusted.

Model 3:age, gender, race, education level, income-to-poverty ratio, marital status, smoking status, drinking status, vigorous recreational activity, BMI, waist,circumference stroke, CKD, CVD,
hyperlipidemia, diabetes, hypertension, anti-hypertensive drug, anti-hyperlipidemic drug,anti-diabetic drug,FBG,FTG.HbAlc,uric acid,FTC, and CRP were adjusted.
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Total (n=8267) T1 (n=2756) T2 (n=2771) (n=2740)
<0.31 0.31-0.70 >0.70

Age (years) 54.29 (0.26) 50.87 (0.43) 54.74 (0.35) 58.71 (0.35) <0.0001

Gender (%) < 0.0001

Male 48.20 (0.02) 55.86 (1.22) 43.69 (1.27) 42.88 (1.29)

Female 51.80 (0.02) 44.14 (1.22) 56.31 (1.27) 57.12 (1.29)

Race/ethnicity (%) <0.0001

Mexican American 8.02 (0.01) 7.61 (0.69) 8.12 (0.75) 8.50 (0.81)

White 71.91 (0.03) 78.07 (1.15) 72.72 (1.46) 61.91 (1.83)

Black 9.05 (0.00) 5.14 (0.41) 7.80 (0.66) 16.36 (1.15)

Other 11.01 (0.01) 9.18 (0.80) 11.35 (0.91) 13.23 (1.03)

Education level (%) < 0.0001

Less than high school 7.56 (0.00) 5.52 (0.42) 7.32(0.51) 10.83 (0.76)

High school 25.84 (0.01) 23.70 (1.21) 26.16 (1.15) 28.55 (1.37)

More than high school 66.60 (0.02) 70.78 (1.25) 66.52 (1.27) 60.62 (1.54)

Marital status (%) < 0.0001

Married/Living with partner 65.83 (0.02) 66.65 (1.33) 66.54 (1.28) 63.73 (1.21)

Divorced/separated/widowed 23.50 (0.01) 20.22 (1.06) 24.00 (1.01) 27.64 (1.08)

Never married 10.67 (0.01) 13.13 (1.04) 9.46 (0.74) 8.63 (0.70)

Smoking status (%) 0.35

Now 20.18 (0.01) 19.00 (1.12) 21.31 (0.94) 20.46 (1.15)

Former 31.57 (0.01) 31.03 (1.18) 31.55 (1.20) 3238 (1.31)

Never 48.25 (0.01) 49.98 (1.34) 47.14 (1.26) 47.16 (1.44)

Drinking status (%) < 0.0001

Now 66.48 (0.02) 72.61 (1.21) 65.85 (1.26) 58.40 (1.36)

Former 20.26 (0.01) 17.07 (1.01) 20.89 (1.06) 24.08 (1.10)

Never 13.26 (0.01) 10.32 (0.77) 13.26 (0.94) 17.53 (1.13)

Vigorous recreational activities (%) <0.001

Yes 60.98 (0.02) 57.54 (1.24) 62.02 (1.31) 64.63 (1.28)

No 39.02 (0.01) 42.46 (1.24) 37.98 (1.31) 35.37 (1.28)

Hyperlipidemia (%) 0.02

Yes 5.98 (0.00) 7.22 (0.82) 5.03 (0.52) 5.38 (0.50)

No 94.02 (0.03) 92.78 (0.82) 94.97 (0.52) 94.62 (0.50)

Hypertension (%) < 0.0001

Yes 35.07 (0.01) 40.82 (1.52) 35.82 (1.24) 25.72 (1.15)

No 64.93 (0.02) 59.18 (1.52) 64.18 (1.24) 74.28 (1.15)

Diabetes (%) < 0.0001
| Yes 57.76 (0.02) 50.83 (1.31) 48.78 (1.35) 79.44 (1.03)

No 42.24 (0.01) 49.17 (1.31) 51.22 (1.35) 20.56 (1.03)

CKD (%) <0.0001

Yes 23.63 (0.01) 18.67 (0.99) 21.10 (1.00) 34.13 (1.19)

No 76.37 (0.02) 81.33 (0.99) 78.90 (1.00) 65.87 (1.19)

CVD (%) < 0.0001

Yes 16.84 (0.01) 13.82 (0.72) 15.70 (0.84) 2273 (1.01)

No 83.16 (0.02) 86.18 (0.72) 84.30 (0.84) 77.27 (1.01)

Stroke (%) 0.002

Yes 5.26 (0.00) 4.17 (0.43) 5.38 (0.49) 6.68 (0.59)

No 94.74 (0.03) 95.83 (0.43) 94.62 (0.49) 93.32 (0.59)

Anti-hypertensive drug (%) <0.0001

Yes 56.81 (0.02) 47.68 (1.34) 55.75 (1.33) 7148 (1.21)

No 43.19 (0.01) 52.32 (1.34) 44.25 (1.33) 28.52 (1.21)

Anti-hyperlipidemic drug (%) < 0.0001

Yes 32.34 (0.01) 2347 (1.11) 30.55 (1.05) 47.54 (1.25)

No 67.66 (0.02) 76.53 (1.11) 69.45 (1.05) 52.46 (1.25)

Anti-diabetic drug (%) < 0.0001

Yes 19.91 (0.01) 9.05 (0.71) 11.44 (0.82) 46.66 (1.38)

No 80.09 (0.02) 90.95 (0.71) 88.56 (0.82) 53.34 (1.38)

All-cause mortality (%) < 0.0001

Yes 16.80 (0.01) 15.14 (0.80) 15.17 (0.81) 2132 (1.01)

No 83.20 (0.02) 84.86 (0.80) 84.83 (0.81) 78.68 (1.01)

cardio-cerebrovascular mortality (%) < 0.0001

Yes 5.45 (0.00) 4.48 (0.40) 4.93 (0.46) 7.53 (0.61)

No 94.55 (0.03) 95.52 (0.40) 95.07 (0.46) 92.47 (0.61)

BMI (kg/m2) 32.98 (0.13) 32.33 (0.16) 33.04 (0.19) 33.86 (0.20) <0.0001

Waist circumference (cm) 110.46 (0.27) 109.19 (0.36) 109.97 (0.38) 11292 (0.48) < 0.0001

Income-to-poverty ratio 2.86 (0.04) 2.98 (0.05) 2.89 (0.05) 2,66 (0.04) <0.0001

FBG (mg/dL) 120.90 (0.60) 117.01 (0.85) 111.62 (0.59) 138.53 (1.40) <0.0001

FTG (mg/dL) 193.70 (2.75) 200.63 (4.19) 189.19 (3.43) 189.44 (4.87) 0.05

HbAlc 6.01 (0.02) 543 (0.02) 5.81 (0.01) 7.12 (0.03) <0.0001

Uric acid (mg/dL) 6.01 (0.02) 6.07 (0.04) 5.99 (0.03) 5.93 (0.04) 0.01

FTC (mg/dL) 198.81 (0.79) 198.49 (1.15) 203.37 (1.06) 193.39 (1.40) < 0.0001

CRP (mg/dl) 2.12 (0.08) 1.71 (0.09) 2.07 (0.11) 2.78 (0.18) < 0.0001

CVD, cardiovascular disease; CKD, chronic kidney disease; BMI, body mass index; FBG, fasting blood glucose; FT'G, fasting triglyceride, HbA 1c, Hemoglobin Alc FIC, fasting total cholesterols

CRP, c-reactive protein.
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Plant DCM protective Anti-ferroptosis in other Anti-ferroptosis in DCM

extract evidences model/tissue

Resveratrol Yes (116, 117) Cardiac I/R models in vivo and in vitro Not available
(118, 119)

Flavonoids: Yes (120) LPS-stimulated myocardial injury (122); Not available

Cardiomyocyte ferroptosis model (123);
Fatty liver disease (124)

Sulforaphane: Yes (38, 128-131) Diabetic liver (132); AMPK/Nrf2 activation (38)
Cardiac arrest and resuscitation (133);
Cardiac I/R models (127)

Curcumin: Yes (134-136) Osteoarthritis (137); Increased function of Nrf2, and expression of GPX4 and
Acute kidney injury (138); HO-1 (55)
Cigarette smoke caused lung epithelial
injury (139)
Berberine: Yes (140, 141) (142-144) Islet beta cells loss in TIDM (145); Not available
PCOS cell model (146);

Contrast-induced nephropathy (147);
Bone loss induced by NAFLD (148)

IR, ischemia/reperfusion; LPS, lipopolysaccharides; TIDM, type 1 diabetes mellitus; PCOS, polycystic ovarian syndrome; NAFLD, nonalcoholic fatty liver disease; AMPK, AMP-activated
protein kinase; Ntf2, nuclear factor erythroid-2-related factor-2; HO-1, heme oxygenase-1.
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Drugs DCM protective = Anti-ferroptotic effects in other = Direct evidence of ferroptosis in DCM

effects tissues /models
Met Yes (88-90). DOX-induced cardiomyopathy (13); Not available
Cardiac I/R (91)
GLP-1RA Yes (92, 93). Diabetic liver and hippocampus (94, 95); Not available
Blood sample of T2DM patients (96)
SGLT2is Yes (97, 98) High glucose-treated muscle C2C12 cells Balanced cardiac iron homeostasis, promoted Xc-/ GSH/GPX4 axis
[CB)3 (101); activated AMPK pathway (102)

Diabetic kidney disease models (100)

DPP4-is Yes (103-108). Brain tissue following intracerebral Not available
hemorrhage (109)

TZDs None Acute kidney injury (111); Caused cardiomyocyte ferroptosis and histoarchitectural
Ferroptosis mice model (112); disrrangements (115).
I/R induced lung injury (113);
Renal fibrosis (114)

Met, Metformin; DOX, doxorubicin; I/R, ischemia/reperfusion; GLP-1RA, glucagon-like peptide-1 receptor agonist; SGLT2i, sodium glucose co-transporter-2 inhibitors; DPP4-is, dipeptidyl
peptidase 4 enzyme inhibitors; TZDs, thiazolidinediones; Xc-/GSH/GPX4, system Xc—/glutathione peroxidase 4 /glutathione.
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aracteristics Q1 (ey] p for trend p for interactio
Sex 0.74
Male Ref 0.67 (0.48,093) 0.65 (0.41,1.02) 057 (0.39,0.82) 0.01
Female Ref 0.85 (0.55,1.32) 0.66 (0.38,1.16) 055 (0.30,0.99) 0.02
Age group 0.97
| Young adults (20-39 years) Ref 093 (0.30,2.91) 0.68 (0.18,2.52) 0.81 (0.28,2.30) 0.57
Middle-aged adults (40— Ref 0.70 (0.42,1.14) 071 (0.40,1.25) 051 (0.27,0.98) 0.02
59 years)
Older adults (60-80 years) Ref 0.81 (0.59,1.10) 0.68 (0.45,1.03) 062 (0.43,0.88) 0.01
Race 0.48
Non-Hispanic White Ref 0.77 (0.56,1.07) 0.72 (0.46,1.14) 0.53 (0.36,0.77) 0.01
Non-Hispanic Black Ref 0.60 (0.40,091) 047 (0.27,0.83) 042 (0.24,0.72) 0.01
Mexican Americans Ref 056 (0.28,1.13) 052 (0.25,1.07) 0.4 (0.10,1.86) 0.16
Other races Ref 0.60 (0.31,1.17) 049 (0.24,0.98) 0.8 (0.42,1.83) 0.65
Education level 0.64
<High school Ref 0.55 (0.36,0.84) 090 (0.38,2.10) 047 (0.26,0.86) 0.13
High school Ref 044 (0.25,0.77) 044 (0.25,0.77) 041 (0.21,0.80) 0.01
>High school Ref 079 (0.54,1.14) 0.70 (0.42,1.17) 0.62 (0.42,0.93) 0.03
Income level 0.86
Low Ref 0.71 (0.48,1.05) 0.64 (035,1.17) 052 (0.26,1.04) 0.02
Medium Ref 092 (0.57,1.49) 073 (0.43,1.24) 0.70 (0.43,1.14) 0.09
High Ref 057 (0.35,092) 0.62 (0.37,1.06) 051 (0.31,0.84) 0.02
Marital status 0.51
Married or living with partner ~ Ref 071 (0.49,1.02) 0.64 (0.42,0.98) 051 (0.35,0.76) 0.01
Divorced, separated, or widowed = Ref 0.84 (0.53,1.34) 0.83 (0.46,1.48) 0.96 (0.49,1.87) 0.74
Never married Ref 071 (0.29,1.75) 028 (0.11,0.72) 0.44 (0.13,1.42) 0.04

The fully adjusted model was adjusted for demographic data, total energy intake, HEI-2015 and disease conditions (hypertension, CVD, diabetes and CKD).
HUA, hyperuricemia; OBS, oxidative balance score.
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Sex (n/%) 0.37
Male 10,964 (48.4) 3,246 (48.6) 2,865 (49.4) 2,708 (48.6) 2,145 (46.9)
Female 11,741 (51.6) 3331 (51.4) 2,968 (50.6) 2,939 (51.4) 2,503 (53.1)
Age group (/%) <0.001
Young adults (20-39 years) 7,257 (36.1) 1,904 (34.8) 1,831 (34.9) 1,858 (36.5) 1,664 (38.2)
Middle-aged adults (40-59 years) 7,679 (37.7) 2,116 (37.0) 1,905 (35.8) 1,995 (38.5) 1,663 (39.4)
Older adults (60-80 years) 7,769 (26.3) 2,557 (28.3) 2,097 (29.4) 1,794 (24.9) 1,321 (22.4)
Race (n/%) <0.001
Non-Hispanic White 10,195 (68.3) 2,702 (62.6) 2,629 (68.0) 2,583 (69.4) 2,281 (73.1)
Non-Hispanic Black 4,597 (10.3) 1,940 (17.3) 1,138 (10.2) 925 (8.2) 594 (5.5)
Mexican Americans 3,232 (84) 798 (7.9) 862 (8.8) 870 (8.7) 702 (8.1)
Other races 4,681 (13.1) 1,137 (12.2) 1,204 (13.0) 1,269 (13.7) 1,071 (13.3)
Education level (1/%) <0.001
<High school 4,960 (14.1) 1,931 (21.6) 1,370 (15.3) 1,022 (11.5) 637 (8.1)
High school 5,181 (22.8) 1,825 (29.5) 1,360 (25.5) 1212 2L.1) 784 (15.1)
>High school 12,564 (63.1) 2,821 (489) 3,103 (59.3) 3413 (67.4) 3,227 (76.7)
Family income level (1/%) <0.001
Low 7,052 (21.6) 2,637 (31.5) 1,820 (21.7) 1,511 (18.0) 1,084 (15.4)
Medium 8,558 (34.8) 2,580 (38.3) 2,273 (36.5) 2,097 (34.4) 1,608 (29.8)
High 7,095 (43.6) 1,360 (30.2) 1,740 (41.8) 2,039 (47.6) 1,956 (54.9)
Marital status (/%) <0.001
Married or living with partner 13,699 (63.3) 3,609 (56.4) 3,527 (63.8) 3,571 (65.8) 2,992 (67.2)
Divorced, separated, or widowed 5,040 (18.2) 1,733 (22.7) 1,340 (19.2) 1,147 (16.3) 820 (14.6)
Never married 3,966 (18.5) 1,235 (20.1) 966 (17.0) 929 (17.9) 836 (18.2)
Hypertension (/%) 10,936 (41.8) 3,628 (47.8) 2,938 (45.0) 2,557 (40.0) 1,813 (34.2) <0.001
CVD (n/%) 2,513 (8.6) 1,035 (12.3) 640 (8.6) 518 (8.0) 320 (5.3) <0.001
Diabetes (n/%) 4201 (13.5) 1,550 (17.8) 1,138 (13.7) 948 (13.3) 565 (9.0) <0001
CKD (n/%) 12,266 (27.4) 3,661 (28.6) 3,235 (29.6) 2,960 (25.9) 2,410 (25.7) 0.01
HUA (n/%) 4918 (20.6) 1,731 (25.2) 1,359 (22.7) 1,085 (19.6) 743 (14.6) <0001
Gout (n/%) 1,102 (4.1) 427 (5.6) 266 (3.9) 257 (4.1) 152 (2.9) <0.001

Total energy intake (kcal), mean (SD) = 2,095.51 (785.63) 1,545.75 (523.51) 1,944.25 (602.80) 2,252.45 (685.97) 2,648.26 (855.23) <0.001

HEI-2015 score, mean (SD) 53.87 (13.41) 46.78 (11.45) 51.76(12.33) 56.03(12.81) 61.03(12.81) <0.001

CKD, chronic kidney disease; CVD, cardiovascular disease; HEI-2015, healthy eating index-2015; HUA, hyperuricemia; OBS, oxidative balance score.
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HUA, hyperuricemia; OBS, oxidative balance score.
Model 1 was adjusted for demographic data (sex, age group, education level, income level, and marital status).

Model 2 was adjusted for demographic data, total energy intake, and HEI-2015.

Model 3 was adjusted for demographic data, total energy intake, HEI-2015, and disease conditions (hypertension, CVD, diabetes, and CKD).
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Male Ref 0.75 (0.60,0.95) 0.62 (0.48,0.80) 041 (0.31,0.56) <0.001
Female Ref 094 (0.77,1.16) 0.80 (0.62,1.04) 056 (0.41,0.77) <0.001
Age group 030
| Young adults (20-39 years) Ref 0.67 (0.52,0.85) 050 (0.37.0.67) 030 (0.21,0.43) <0.001
Middle-aged adults (40— Ref 097 (0.72,131) 0.86 (0.62,1.18) 058 (0.38,0.90) 0.01
59 years)
Older adults (60-80 years) Ref 093 (0.75,1.14) 0.83 (0.65,1.06) 067 (0.46,097) 0.03
Race 0.47
Non-Hispanic White Ref 0.84 (0.68,1.05) 0.71 (0.55,0.90) 0.4 (0.33,0.60) <0.001
Non-Hispanic Black Ref 1.00 (0.77,1.29) 081 (0.59,1.11) 0.66 (0.45,0.96) 0.03
Mexican Americans Ref 1.09 (0.64,1.85) 0.89 (0.47,1.70) 0.8 (0.43,1.81) 0.62
Other races Ref 0.77 (0.54,1.09) 0.65 (0.45,0.95) 048 (0.31,0.75) 0.01
Education level 001
<High school Ref 0.82 (0.60,1.11) 0.86 (0.59,1.25) 047 (0.29,0.78) 0.02
High school Ref 0.73 (0.54,099) 0.82 (0.60,1.13) 0.63 (0.40,0.99) 0.06
>High school Ref 090 (0.73,1.11) 0.64 (0.50,0.82) 0.4 (0.33,0.61) <0.001
Income level 0.07
Low Ref 0.70 (0.55,0.88) 071 (0.52,0.98) 057 (0.40,0.80) 0.01
Medium Ref 079 (0.62,1.01) 0.74 (0.55,1.01) 050 (0.35,0.72) 0.01
High Ref 1.03 (0.78,1.34) 0.71 (0.52,0.96) 046 (0.31,0.69) <0.001
Marital status 0.54
Married or living with partner ~ Ref 0.89 (0.73,1.08) 0.68 (0.53,0.87) 043 (0.32,0.58) <0.001
Divorced, separated, or widowed = Ref 093 (0.70,1.25) 098 (0.72,1.34) 078 (0.53,1.16) 0.32
Never married Ref 0.65 (0.46,092) 056 (0.38,0.82) 0.42 (0.25,0.71) 0.01

The fully adjusted model was adjusted for demographic data, total energy intake, HEI-2015, and disease conditions (hypertension, CVD, diabetes, and CKD).
HUA, hyperuricemia; OBS, oxidative balance score.
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Subgroups Relative risk Treatment/no Model

treatment relative

risk ratio
Total, treatment 4.0 (3.0, 6.0) 2.0 (20,3.0) 1.437 (1.063-1.776) 1.376 (0.987-1.917)

P =0.059 1
Total, no treatment 5.0 (4.0, 6.0) 4.0 (2.0,5.25) 1.136 (0.856-1.509)
Proximal, treatment 3.0 (1.0, 4.0) 1.0 (1.0, 2.0) 1.530 (1.076-2.174) 1.579 (1.063-2.346)

P =0.024 2
Proximal, no treatment 3.0 (1.0, 3.0) 3.0 (2.0,3.25) 0.966 (0.704-1.324)
Distal, treatment 2.0 (1.0, 2.0) 1.0 (0.0, 2.0) 1.216 (0.836-1.769) 1.095 (0.568-2.186)

P=0787 3
Distal, no treatment 1.5 (1.0, 3.0) 1.0 (0.0, 2.25) 1.424 (0.826-2.455)

Model 1: adjusted model with covariates age, BMI, diastolic blood pressure, uric acid levels, hcy, stains use, HbA1c%, and duration of diabetes mellitus. Model 2: adjusted model with covariates
age, diastolic blood pressure, current smoking status, uric acid levels, duration of diabetes mellitus, and HbA1c%. Model 3: adjusted model with covariates age, BMI, duration of diabetes mellitus,
diastolic blood pressure, hcy, HbA1c%, and uric acid levels.
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Outcom Male male Relative Risk P-value Model
Total plaque burden 5.0 (3., 6.0) 3.0 (2.0, 4.0) 1.354 (1.115-1.644) 0.002 0

1261 (1.050-1.515) 0013 1
Proximal plaque burden 3.0 (2.0, 4.0) 2.0 (1.0, 3.0) 1.304 (1.046-1.627) 0.019 0

1.332 (1.055-1.682) 0.016 2
Distal plaque burden 2.0 (1.0,3.0) 1.0 (0.0, 2.0) 1.444 (1.024-2.037) 0.036 0

1.316 (0.943-1.837) 0.106 3

Model 0: unadjusted. Model 1: adjusted model with covariates age, diastolic blood pressure, uric acid levels, BMI, hcy, stains use, HbAlc%, duration of diabetes mellitus, and anti-diabetic
treatment. Model 2: adjusted model with covariates age, diastolic blood pressure, current smoking status, uric acid levels, duration of diabetes mellitus, anti-diabetic treatment, and HbA1c%.
Model 3: adjusted model with covariates age, BMI, duration of diabetes mellitus, hcy, diastolic blood pressure, HbA1c%, antidiabetic treatment, and uric acid levels.
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Models 1, 3, 5, and 7 are crude models. Model 2 is adjusted for Baseline age, Physical activity, Smoking history, Menopausal status, parity and Family history of CVD. Models 4, 6 and § are
adjusted for Physical activity, Smoking history, parity and Family history of CVD. Ref, reference category.
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OPS/images/fendo.2024.1389330/M2.jpg
BRI = 364.2 - 365.5 x 1 -V ((WC/(27))*(0.5height)?)





OPS/images/fendo.2024.1389330/table1.jpg
Variable

Age (years), Median (IQR)

BMI (kg/m?), Median (IQR)

WC (cm), Median (IQR)
BRI, Median (IQR)

CI, Median (IQR)

Physical activity, N (%) Low
High
Family history of CVD, No
N (%)
Yes
Smoking history (Yes), No
N (%)
Yes
Menopausal age Not menopause over
follow up

Menopause over follow up

Menopause at baseline
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Variable
OR (95%Cl) OR (95%Cl) P value OR (95%Cl)
PrFT (mm)
Per SD increase 4.54(3.55-5.81) <0.001 423(3.23-5.54) ‘ <0.001 3.40(2.47-4.68) <0.001
Overall 1.39(1.31-1.46) <0.001 1.36(1.29-1.46) <0.001 1.33(1.24-1.43) <0.001
Q1 Ref. (1.0) Ref. (1.0) Ref. (1.0)
Q 1.52(1.08-2.15) 0.018 1.46(1.16-1.98) 0.006 1.13(1.10-1.16) <0.001
Q3 4.40(2.46-7.88) <0.001 430(2.29-8.08) <0.001 3.09(1.49-6.40) <0.001
Q1 9.53(6.64-13.40) <0.001 7.40(5.30-10.73) <0.001 4.15(2.35-7.49) <0.001
P for trend <0.001 <0.001 <0.001
TG/HDL-c
Per SD increase 2.45(2.09-2.87) <0.001 °2.08(1.74-2.49) <0.001 1.41(1.11-1.80) 0.006
Overall 1.60(1.47-1.75) <0.001 1.47(1.34-1.62) <0.001 1.20(1.05-1.36) 0.004
Q1 Ref. (1.0) Ref. (1.0) Ref. (1.0)
Q2 2.93(1.71-5.03) <0.001 2.48(1.42-4.32) 0.001 228(1.30-4.01) 0.004
Q3 421(2.51-7.06) <0.001 2.98(1.69-5.25) 0.006 2.60(1.46-4.63) 0.001
Q4 6.78(4.10-10.56) <0.001 4.05(1.93-8.67) <0.001 3.01(1.63-5.51) <0.001
P for trend <0.001 <0.001 <0.001

Model 1: adjusted for age, gender, diabetic duration, and smoking.

Model 2: adjusted for hypertension, glycated hemoglobin AL, triglyceride, total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, and uric acid based on
Model 1.

Model 3; additionally adjusted for body mass index, waist circumference, visceral fat area, and subcutancous fat area based on Model 1 and Model 2.

PrFT, perirenal fat thickness; TG/HDL-c, triglyceride to high-density lipoprotein cholesterol ratio; LVH, center ventricular hypertraphy.
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Independent Dependent

variables variables

PrFT LVMI 0413 <0.001 0.387 <0.001 0262 <0.001
TG/HDL-c LVMI 0394 <0.001 0.346 <0.001 0206 <0.001
TG/HDL-c PIFT 0318 <0.001 0.277 <0.001 0171 <0.001

Model 1: adjusted for age, gender, diabetic duration, smoking,

Model 2: adjusted for hypertension, glycated hemoglobin Alc, triglyceride, total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, and uric acid based on
Model 1.

Model 3: additionally adjusted for body mass index, waist circumference, visceral fat area, and subcutaneous fat area based on Model 1 and Model 2.
PrFT, perirenal fat thickness; TG/HDL-c, triglyceride to high-density lipoprotein cholesterol ratio; LVMI, center ventricular mass index.
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Total

Characteristics

(n=1112)
Age (year) 529 + 8.1 549 +79 522+ 8.1 <0.001
Male, n (%) 578 (52.0) | 157 (54.9) 421 (51.0) 0.252
Diabetic
Duration (year) 84 +3.4 92435 8.0+32 <0.001
BMI (kg/m2) 245+ 3.0 26.1 +3.3 24.0+28 <0.001
WC (cm) 859 +7.1 895+79 84.7 £ 6.3 <0.001
SBP (mmHg) 1336 1445 129.8 + 17.5 <0.001
+17.8 + 142
DBP (mmHg) 81.5 * 9.2 86.1 + 8.2 79.9 £ 9.0 <0.001
HbAlc (%) 87+ 1.0 8.7k 1.1 8.7+09 0.750
TG (mmol/L) 221 +1.40 320+ 172 1.87 + 1.08 <0.001
TC (mmol/L) 520 +1.27 528 +1.34 | 514+ 123 L 0.206
HDL-c(mmol/L) 1.09 £ 0.24 0.99 +0.20 ‘ 1.13+ 0.23 ‘ <0.001
LDL-c(mmol/L) 3.56 +0.96 347 +0.96 3.59 £ 097 0.060
UA (umol/L) 5588695 5986482 345.8 + 834 <0.001
Creatinine (umol/L) 68.8 +13.2 V 69.4 + 134 68.6 + 13.2 0.377
VFA (crn2) 859 +23.5 97.5 + 20.6 83.0 £ 23.8 <0.001
182.6 194.3
SFA (cm?) ey £ 43R 178.5 + 413 <0.001
PrFT (mm) 13.0 £ 4.7 16.5+ 3.8 11.7 £ 43 <0.001
TG/HDL-c 2.31 £1.90 3.60 + 2.45 1.87 £ 141 <0.001
Hypertension, n (%) 391 (35.2) 172 (60.1) 219 (26.5) <0.001
Smoking, n (%) 410 (36.9) 111 (38.8) 299 (36.2) 0.430

Data were expressed as means + standard deviation or frequency tables (N, %).

BMI, body mass index; WC, waist circumference; HbAlc, glycated hemoglobin; UA, uric acid;
TG, triglyceride; TC, total cholesterol; HDL-c, high-density lipoprotein cholesterol; LDL-c,
low-density lipoprotein cholesterol; SBP, systolic blood pressure; DBP, diastolic blood
pressure; VFA, visceral fat area; SFA, subcutaneous fat area; PrFT, perirenal fat thickness;
TG/HDL-c, triglyceride to high-density lipoprotein cholesterol ratio; LVH, center
ventricular hypertrophy.
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Model 1 Model 2 Model 3 Model 4
HR (95%Cl) P value HR (95%Cl) HR (95%Cl) HR (95%Cl)

Outcomes Event

TITRE as defined by the conventional blood glucose range

CVD 97 0.72 (0.57,091) | 0.0118 0.73 (0.58,0.93) | 00118 073 (0.57,092) 00104 1.01(0.73,1.40) 09189
Stroke 188 0.79 (0.68, 0.93)  0.0066 0.80 (0.68,0.94) | 0.0066 0.79 (0.67,0.94)  0.0069 1.06 (0.84,133)  0.5913
TITRE as defined by the intensive blood glucose range

CcvD 97 0.72 (0.54,0.95) | 0.0219 073 (055,0.96)  0.0252 072 (0.54,096)  0.0249 0.96 (0.70, 1.32)  0.8310

Stroke 188 0.73 (0.61, 0.89) 0.0016 0.74 (0.61, 0.90) 0.0024 0.72 (0.59, 0.87) 0.0011 0.90 (0.72, 1.13) 0.4025

CI, confidence interval; HR, hazard ratio; SD, standard deviation; TITRE, time in target; CVD, cardiovascular disease.

Model 1: Adjust for age and sex.

Model 2: Adjusted for Modell plus education, smoking status, drinking status, physical activity, history of hypertension, antihypertensive medication, body mass index, systolic blood pressure,
High-density lipoprotein cholesterol, Low-density lipoprotein cholesterol, estimated glomerular filtration rate, and antidiabetic medication.

Model 3: Adjusted for Model 2 plus cv-FBG.

Model 4: Adjusted for Model 2 plus mean-FBG.
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Model 1 Model 2 Model 3 Model 4

Outcomes Event
HR (95%Cl)  Pvalue HR (95%Cl) HR (95%Cl) HR (95%Cl)

TITRE as defined by the conventional blood glucose range

CVD 360 0.76 (0.68, 0.86) <0.0001 0.77 (0.68, 0.87) <0.0001 0.77 (0.68, 0.87) <0.0001 0.91 (0.77, 1.07) 0.2734

All-
cause mortality 238 0.80 (0.69, 0.92) 0.0023 0.80 (0.69, 0.92) 0.0023 0.79 (0.69, 0.92) 0.0026 1.09 (0.89, 1.33) 0.3838

TITRE as defined by the intensive blood glucose range

CVD 360 0.73 (0.64, 0.84) <0.0001 0.74 (0.65, 0.85) <0.0001 0.73 (0.63, 0.84) <0.0001 0.85 (0.72, 1.00) 0.0606
All-cause
mortality 238 0.82 (0.70, 0.96) 0.0136 0.82 (0.70, 0.95) 0.0131 0.80 (0.68, 0.94) 0.0075 1.06 (0.87, 1.27) 0.5410

CI, confidence interval; HR, hazard ratio; SD, standard deviation; TITRE, time in target; CVD, cardiovascular disease.

Model 1: Adjust for age and sex.

Model 2: Adjusted for Modell plus education, smoking status, drinking status, physical activity, history of hypertension, antihypertensive medication, body mass index, systolic blood pressure,
High-density lipoprotein cholesterol, Low-density lipoprotein cholesterol, estimated glomerular filtration rate, and antidiabetic medication.

Model 3: Adjusted for Model 2 plus cv-FBG.

Model 4: Adjusted for Model 2 plus mean-FBG.
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Gen Forward prim

Reverse primer

Npml AGGACGATGATGAGGACGATGAG CCCTTTGATCTCGGTGTTGATGG
Jkamp CACGATGCTCTACAACCCAAGTC CATGCGATCTTCTTCACCAGGAG
Getd CCGAGGCTTCCGAAGTGAGG CAGCAGCAGAAACCAGATGAAATTG
Lpcat3 CACCGTCACTGCCGTTATTACTAC TCCCGTCTTTGCCTCCATCG

B-actin GTGACGTTGACATCCGTAAAGA GTAACAGTCCGCCTAGAAGCAC
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Primary

beneficial effect

Cardiac metabolism

Oxidative stress

Fibrosis and remodeling

Inflammation

Molecular
target
(pharmacodynamics)

References

caficrestat (AT-001) aldose reductase (inhibitor) Phase 3 RCT (202)
cemtirestat fructose/STZ diabetic rats (203)
ninerafaxstat (IMB-1018972) 3-ketoacyl-CoA thiolase (inhibitor) Phase 2 RCT (204)
rFGF21 FGF21 (recombinant) STZ/high-fat diet diabetic mice (205, 206)
sulfo-N-succinimidyl oleate (SSO) fatty acid translocase/cluster of STZ /high-fat diet diabetic rats (207)
differentiation 36 - FAT/
CD36 (inhibitor)
SIRT3 AAV SIRT3 (adeno-associated virus vector) STZ -induced diabetic mice (208)
mito-TEMPO superoxide (antioxidant) STZ -induced diabetic mice (209)
N-acetylcystein glutathione peroxidase (precursor, STZ -induced diabetic mice and rats (210-213)
antioxidant); PKCB2 and eNOS
signaling induction
H2-RLX, H3-RLX relaxin (recombinant) Ren2 hypertensive STZ -induced (214, 215)
diabetic rats
FT23 TGE-B (inhibitor of Ren2 hypertensive STZ -induced (216)
unknown pharmacodynamics) diabetic rats
FT011 TGF- (inhibitor of Ren2 hypertensive STZ -induced (217)
unknown pharmacodynamics) diabetic rats
gefitinib EGER (tyrosine kinase inhibitor) STZ-induced diabetic mice (218)
Ang (1-7) Mas (agonist) STZ -induced diabetic rats (219-221)
DIZE ACE2 (inhibitor) db/db mice (222)
tadalafil PDE5 (inhibitor) Phase 4 RCT (223)
vardenafil PDE5 (inhibitor) ZDF rats (224)
MCC950 NLRP3 (inhibitor) high-sucrose and high-fat diet (225)
diabetic rats
Fingolimod SIP-R (functional antagonist) STZ -induced diabetic mice and rats (226-228)
SB 203580 P38 MAPK (inhibitor) STZ -induced diabetic mice (229)
pyrrolidine dithiocarbamate (PDTC) NF-kB (inhibitor) obese db/db diabetic mice (230)

RCT, randomized clinical trial; ZDF, Zucker Diabetic Fatty; STZ, streptozotocin.
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Natural Mechanism @ Plant References
product of origin
ginsenosides various Panax ginseng (263)
oxymatrine various/ Sophora (279)
unknown flavescens
capsaicin TRPV1 Capsicum (243)
(agonist/ annuum
activator)
flavonoids various various (237-241)
(quercetin, apigenin,
dihydromyricetin,
naringenin...)
sulforaphane Nrf2 (activator) Brassica oleracea (244-247)
(broccoli,
brussels
sprouts,
cabbage...)
melatonin free radical ubiquitous (242)
scavenger (animals,
and others plants, fungi...)
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Model 1 Model 2 Model 3
OR (95%Cl) Pvalue OR (95%Cl) P value OR (95%Cl) P value

Body fat percentage, %

Men
Per 1 unit increase 6719 1078 (16.0) | 1.12 (110, 1.14) <0.001 111 (1.09, 1.13) <0.001 1.09 (1.07, 1.11) <0.001
Quartiles 7
Ql (<21.7) 1680 132 (7.9) Reference Reference Reference
Q2 (21.7-24.5) 1679 221 (13.2) 1.78 (142, 2.23) <0.001 1.70 (1.33, 2.17) <0.001 151 (1.17, 1.94) <0.001
Q3 (245-27.2) 1680 295 (17.6) 2550 (2,01, 3.11) <0.001 2.31 (1.83,2.93) <0.001 1.94 (151, 2.49) <0.001
Q4 (2272) 1680 430 (25.6) 4.03 (327, 4.97) <0.001 3.56 (2.83, 4.46) <0.001 276 (2.15, 3.55) <0.001
P for trend <0.001 <0.001 <0.001
Women
Per 1 unit increase 7509 1539 (20.5) 1.08 (1.06, 1.09) <0.001 1.08 (1.06, 1.09) <0.001 1.06 (1.04, 1.07) <0.001
Quartiles
Ql (<343) 1877 270 (14.4) Reference Reference Reference
Q2 (34.3-37.0) 1877 346 (18.4) 1.35 (1.13, 1.60) 0.001 1.34 (110, 1.63) 0.003 1.20 (0.98, 1.47) 0.074
Q3 (37.0-39.9) 1877 432 (23.0) 1.78 (1.50, 2.10) <0.001 1.86 (1.54, 2.24) <0.001 1.57 (1.29, 1.91) <0.001
Q4 (239.9) 1878 491 (26.1) 211 (1.79, 2.48) <0.001 2.09 (173, 2.51) <0.001 1.66 (1.36, 2.03) <0.001
P for trend <0.001 <0.001 <0.001
P for interaction® <0.001 0.009 0.016
P for interaction” <0.001 0.003 0.008

Model 1: crude model.

Model 2: adjusted for age, physical activity, current smoking, current drinking.

Model 3: adjusted for age, SBP, DBP, current smoking, current drinking, physical activity, Hcy, TG, HDL-C, LDL-C, and eGER. stroke, CHD, antihypertensive agents, lipid-lowering agents.
“P for interaction test: 2-way interaction of BFP (continuous) and sex on diabetes mellitus.

bP for interaction test: 2-way interaction of BFP (quartiles) and sex on diabetes mellitus.
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Body fat percentage, %

Variable
Q2 Q3 Q4 Q2 Q3
(21.7-245)  (24.5-27.2) (>27.2) (34.3-37.0)  (37.0-39.9)

N 1680 1679 1680 1680 1877 1877 1877 1878 ‘
Age, year 645 +9.1 64.8 £9.9 63.6 9.9 62.3 + 10.1 <0.001 62.7 £ 94 64.3 + 8.8 638 £8.9 64.4 + 8.7 <0.001 ‘
BMI, kg/mz 195 +39 221 +14 243+ 13 277 24 <0.001 198 £ 1.8 225+13 247 £1.2 283 + 2.6 <0.001 ‘
Current smoking, n (%) 981 (58.4) 849 (50.6) 729 (434) | 691 (41.1) | <0.001 = 137 (7.3) 106 (5.7) 96 (5.1) 72 (3.8) <0.001 ‘
Current drinking, n (%) 688 (41.0) 692 (41.2) 670 (39.9) 628 (37.4) 0.091 84 (4.5) 110 (5.9) 100 (5.3) 93 (5.0) 0.263 ‘
Physical activity, n (%) <0.001 ‘ ‘ ‘ <0.001 ‘

Mild ‘ 711 (50.0) 759 (55.5) 789 (57.7) 827 (59.7) 832 (55.1) 836 (55.9) 834 (55.6) 921 (62.5)

Moderate 374 (26.3) 319 (23.3) 332 (243) 312 (22.5) 337 (22.3) 343 (22.9) 341 (22.8) 283 (19.2)

Vigorous 337 (23.7) 289 (21.1) 246 (18.0) | 246 (17.8) 342 (226) | 316 (21.1) 324 (21.6) | 269 (18.3)
SBP, mmHg 11415863 1469 £18.3 1457 + 174 :416773 0.052 ;51(;'411 150.1 £ 17.5 | 1504 +17.3 i15‘0773 0.706
DBP, mmHg ji}z_o 89.7 £10.8 90.6 + 11.0 922 £11.0 <0.001 :1752 87.6 £10.2 88.2 + 10.0 :8?51 0.010

Laboratory results

TC, mmol/L 48 £ 1.0 49+ 1.1 50+ 11 50+1.1 <0.001 5.3 1.1 5411 533 11 54+12 0.002
1.0 1.7 13 18
TG, mmol/L 08-13) 12 (09-1.8)  1.5(1.0-2.2) (12:26) <0.001 (1.0-1.8) 1.6 (1.1-22) | 1.7 (1.2-2.5) (1.4-26) <0.001
HDL-C, mmol/L 1705 16 £ 0.4 15+ 04 14+04 <0.001 1.7+£05 1.6 +£04 15+ 04 15+ 04 <0.001
LDL-C, mmol/L 26£0.7 28+08 29+08 3.0+08 <0.001 3.0+08 3108 3108 32+08 <0.001
FPG, mmol/L 57141 6.0+ 14 &l1%£15 6.5+ 1.8 <0.001 6.1 +14 62+ 1.6 64 +19 65+19 <0.001
% 2 85.6 92.1 88.3
eGFR, mL/min/1.73 m 212 857 £20.2 85.9 +20.1 86.0 203 0.934 £197 90.4 £ 19.3 903 £ 19.5 +204 <0.001
16.8 137 14.0
16.7 16.6 16.2 139 13.7
Hcy, umol/L (13.6- 0.292 (11.7- (12.0- 0.163
2.1) (13.7-21.9) (13.5-21.4) (13.4-20.9) 16) (11.9-17.1) (11.8-16.9) 17.2)
History of disease, n (%)
Stroke 146 (8.7) 150 (8.9) 146 (8.7) 127 (7.6) 0.480 107 (5.7) 95 (5.1) 98 (5.2) 113 (6.0) 0.554
CHD 83 (4.9) 83 (4.9) 101 (6.0) 102 (6.1) 0270 80 (4.3) 96 (5.1) 91 (49) 93 (5.0) 0.637
Diabetes mellitus® 132(79)  221(13.2) 295 (17.6) | 430 (25.6) | <0001 = 270 (144) | 346 (18.4) 432 (23.0) | 491 (26.1)  <0.001
Medication use, n (%)
. " 1016 1084 1311
Antihypertensive drugs ©05) 1062 (63.3) | 1115 (66.4) | 1151 (68.5) & <0.001 78 1194 (63.7) = 1291 (68.8) ©9) <0.001
T
Lipoprotein-
lowering drugs 37 (22) 55(3.3) 57 (3.4) 88 (5.2) <0.001 38 (2.0) 59 (3.1) 76 (4.1) 96 (5.1) <0.001
Glucose-lowering drugs 29 (1.7) 58 (3.5) 75 (4.5) 129 (7.7) <0.001 59 (3.1) 105 (5.6) 143 (7.6) 157 (8.4) <0.001

Data with normal distribution are expressed as mean + SD or median (interquartile range) and numbers (percentage) as appropriate.

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; Hey, homocysteine; FPG: fasting plasma glucose; TC, serum total cholesterol; TG, triglycerides; HDL-C, high-
density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; eGFR, estimated glomerular filtration rate; CHD, coronary heart disease.

Sdiabetes mellitus was defined as self-reported physician diagnosis of diabetes or FBG concentration 27.0 mmol/L or use of glucose-lowering drugs.
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OBS quartiles

Q2 (eX
Age, years 59.06(0.27) 59.78(0.46) 59.78(0.54) 58.91(0.45) 58.03(0.47) 0.015
Sex, n (%) 0.647
Female 3012(49.93) 788(47.98) 723(51.24) 821(50.44) 680(50.04)
Male 3107(50.07) 981(52.02) 695(48.76) 780(49.56) 651(49.96)
Race, n (%) | A <0.001
Mexican American 1198(8.44) 311(7.50) 287(8.83) 322(8.97) 278(8.39)
Non-Hispanic Black 1522(13.89) 591(21.24) 361(15.77) 335(11.38) 235(8.69)
Non-Hispanic White 2452(66.20) 645(60.40) 541(64.54) 668(66.64) 598(72.08)
Other Hispanic 526(5.13) 133(5.80) 132(4.84) 151(5.72) 110(4.16)
Other race 421(6.34) 89(5.06) 97(6.02) 125(7.29) 110(6.69)
PIR 2.82(0.04) 2.31(0.06) 2.63(0.06) 2.96(0.06) 3.26(0.07) <0.001
Marital status, n (%) 0.003
Separated 1901(26.42) 585(30.28) 460(26.46) 498(27.36) 358(22.07)
Married 3696(65.19) 1016(59.57) 846(65.43) 960(64.70) 874(70.34)
Never married 522(8.39) 168(10.15) 112(8.11) 143(7.93) 99(7.59)
Education level, n (%) <0.001
Below high school 1049(8.59) 393(13.52) 274(9.92) 248(7.61) 134(4.31)
High school 2514(39.38) 816(48.01) 592(41.60) 610(36.47) 496(33.21)
Above high school 2556(52.03) 560(38.47) 552(48.48) 743(55.92) 701(62.47)
Drinking status, n (%) <0.001
No 2840(39.15) 923(46.22) 683(42.27) 700(35.85) 534(33.99)
Moderate 2539(48.36) 627(40.94) 566(44.42) 712(50.77) 634(55.39)
Heavy 740(12.50) 219(12.84) 169(13.30) 189(13.38) 163(10.62)
BMI, kg/m* 33.20(0.15) 33.38(0.27) 33.10(0.25) 0 33.17(0.30) 33.14(0.30) 0.880
CRP 0.61(0.03) 0.74(0.06) 0.60(0.04) 0.56(0.03) 0.54(0.05) 0.050
Smoking status, n (%) <0.001
Former 2133(35.42) 616(33.22) 505(37.07) 569(35.44) 443(35.97)
Never 2990(48.27) 743(39.76) 684(46.80) 808(50.07) 755(54.90)
Now 996(16.30) 410(27.01) 229(16.13) 224(14.49) 133(9.13)
Hypertension, n (%) 0.017
No 1695(29.25) 432(25.61) 381(27.40) 459(30.36) 423(32.72)
Yes 4424(70.75) 1337(74.39) 1037(72.60) 1142(69.64) 908(67.28)
CVD <0.001
No 4534(75.91) 1188(68.01) 1062(75.91) 1219(78.24) 1065(80.28)
Yes 1585(24.08) 582(31.99) 355(24.09) 382(21.76) 266(19.72)
[ ACM, n (%) | <0.001
No ‘ 4329(78.76) 1107(69.60) 1004(78.90) 1169(80.06) 1049(85.17)
Yes 1790(21.24) 662(30.40) 414(21.10) 432(19.94) 282(14.83)
CVM, n (%) | [ [ | | <0.001
No 5611(93.76) 1570(90.68) 1301(93.86) 1476(93.82) 1264(96.27)
Yes 508(6.24) 199(9.32) 117(6.14) 125(6.18) 67(3.73)

OB, oxidative balance score; CVM, cardiovascular mortality; ACM, all-cause mortality; PIR, poverty income ratio; BMI, body mass index; CRP, C-reactive protein; CVD, cardiovascular disease.
OBS quartiles: Q1 < 13, 13< Q2 <18, 18 < Q3 < 24, and Q4 > 24.
All values are expressed as a weighted proportion (%) or mean + standard error.
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Overall survival urvival P value
Age, years 59.06(0.27) 56.59(0.29) 68.21(0.38) <0.001
Sex, n (%) 0.144
Female 3012(49.94) 2213(50.52) 799(47.77)
Male 3107(50.07) 2116(49.48) 991(52.23)
Race, n (%) <0.001
Mexican American 1198(8.44) 915(9.39) 283(4.94)
Non-Hispanic Black 1522(13.89) 1104(14.21) 418(12.72)
Non-Hispanic White 2452(66.20) 1505(63.73) 947(75.36)
Other Hispanic 526(5.13) 439(5.72) 87(2.93)
Other race 421(6.34) 366(6.95) 55(4.05)
PIR 2.821(0.04) 2.946(0.04) 2.357(0.06) <0.001
Marital status, n (%) <0.001
Separated 1901(26.42) 1154(22.89) 747(39.51)
Married 3696(65.19) 2758(68.07) 938(54.53)
Never married 522(8.39) 417(9.05) 105(5.96)
Education level, n (%) <0.001
Below high school 1049(8.59) 637(6.92) 412(14.79)
High school 2514(39.38) 1680(37.54) 834(46.19)
Above high school 2556(52.03) 2012(55.54) 544(39.02)
BMI, kg/m* 33.20(0.15) 33.61(0.16) 31.68(0.31) <0.001
OBS 19.36(0.14) 19.84(0.17) 17.58(0.23) <0.001
Dietary OBS 15.96(0.14) 16.36(0.16) 14.48(0.21) <0.001
Lifestyle OBS 3.39(0.031) 3.47(0.04) 3.10(0.04) <0.001
Drinking status, n (%) <0.001
No 2840(39.15) 1762(34.65) 1078(55.83)
Moderate 2539(48.36) 1963(51.27) 576(37.57)
Heavy 740(12.50) 604(14.09) 136(6.59)
Smoking status, n (%) <0.001
Former 2133(35.42) 1372(33.52) 761(42.49)
Never 2990(48.27) 2270(51.05) 720(37.99)
Now 996(16.30) 687(15.44) 309(19.52)
Hypertension, n (%) <0.001
No 1695(29.25) 1353(32.33) 342(17.84)
Yes 4424(70.75) 2976(67.67) 1448(82.16)

PIR, poverty income ratio; BMI, body mass index; OBS, oxidative balance score.
All values are expressed as a weighted proportion (%) or mean + standard error.
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Variables NRI IDI C-statistics

Index (95% ClI) Index (95% CI) Index (95% CI)
Model 1 ref ‘ ref 0.789 (0.723-0.855) <0.001
Model 2 0229 (-0.042 - 0.500) 0.098 0.021 (-0.0005 - 0.043) \ 0.056 0.798 (0.732-0.865) ‘ <0.001
Model 3 0.134 (-0.139 - 0.406) 0336 0.001 (-0.003 - 0.005) ‘ 0582 0.788 (0.722-0.854) ‘ <0.001
Model 4 0.106 (-0.163 ~ 0.374) 0.041 0.023 (0.0004 - 0.046) ‘ 0.048 0.799 (0.733-0.865) ‘ <0.001

Model 1: Diabetes mellitus + renal dysfunction + vessel disease + Cr + TG.

Model 2: Diabetes mellitus + renal dysfunction + vessel disease + Cr + TG + CysC.
Model 3: Diabetes mellitus + renal dysfunction + vessel disease + Cr + TG + TyG.

Model 4: Diabetes mellitus + renal dysfunction + vessel disease + Cr + TG + CysC + TyG.

MACES, major adverse cardiac events; PCI, percutaneous coronary intervention; ACS, acute coronary syndrome; Cr, creatinine; TG, triacylglycerol; CysC, cystatin C; TyG index, triglyceride
glucose index.
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Variable All sub- MACES (n=65) MACES-

jects (n=319) free (n=254)

Demographics

Age, years 61.07 + 10.94 60.93 + 10.46 61.63 £ 12.71 -0.463 0.643

Male, n (%) 252(79.00) 55(84.62) 197(77.56) 1.553 0.213
Hypertension, n (%) 209(65.52) 43(66.15) 166(65.35) 0.015 0.904
Diabetes mellitus, n(%) 121(37.93) 37(56.92) 84(33.07) 12507 0.000
Renal dysfunction, n (%) = 22(6.90) 12(18.46) 10(3.94) 17.004 0.000
Number of 33.081 0.000
treated vessels

1-vessel disease, n (%) 212(66.46) 24(36.92) 188(74.02)

2-vessel disease, n (%) 95(29.78) 35(53.85) 60(23.62)

3-vessel disease, n (%) 12(3.76) 6(9.23) 6(2.36)

Echocardiography

LVEF(%) 61.41 +7.97 60.29 +9.79 61.69 +£7.43 1.076 0.285
Laboratory data 7

Urea/(mmol/L) 6.07 £ 3.81 6.24 +2.03 6.03 £4.15 -0.402 0.688
Cr/(umol/L) 77.55 +£22.15 83.51 +26.63 76.02 + 20.64 -2.111 0.038
UA/(umol/L) 362.53 £ 95.06 366.32 £ 105.98 361.55 + 92.27 -0.360 0.719
CysC/(mg/L) 0.98 + 0.32 112 £0.41 0.94 +0.28 -3.349 0.001
eGFR/(ml/min/L) 87.32 £21.29 82.98 +22.86 88.43 + 20.82 1.744 0.085
TC/(mmol/L) 4.39 £ 1.25 4.65 + 1.20 432 +1.26 -1.868 0.063
TG/(mmol/l) 1.89 + 1.54 2.74 £2.78 1.67 £ 0.90 -3.072 0.003
HDL-C/(mmol/L) 1.08 £ 0.28 1.00 £ 0.25 1.10 £ 0.28 2.535 0.012
LDL-C/(mmol/L) 284+ 110 289 £0.83 283 £ 1.17 -0.410 0.682
FPG/(mmol/L) 6.52 + 2.57 7.53 +£3.49 6.26 +2.21 -2.789 0.007
HbA1c/(%) 6.90 = 5.00 7.00 £ 1.83 6.65 + 4.61 | -0.609 0.543
BNP/(pg/mL) 138.08 + 301.90 166.61 + 321.54 130.78 + 297.49 -0.852 0.395
TyG index 8.95 £ 0.71 9.32 £0.91 8.86 + 0.62 -4.353 0.000
Clinical classification 1.456 0.652
STEMI (n, %) 84(26.33) 14(21.54) 70(27.56)

NSTE-ACS (n, %) 190(59.56) 38(58.46) 152(59.84)

UA (n, %) 45(14.11) 8(12.3) 37(14.57)

Data are shown as mean + standard deviation (SD) or median (IQR) for continuous variables and proportions (%) for categorical variables. LVEF, left ventricular ejection fraction; Urea, urea
nitrogen; Cr, creatinine; UA, uric acid; CysC, cystatinC; eGFR, estimated glomerular filtration rate; TC, total cholesterol; TG, triacylglycerol; HDL-C, high-density lipoprotein cholesterol; LDL-C,
low-density lipoprotein cholesterol; FPG, fasting plasma glucose; HbAlc, hemoglobin Alc; BNP, B-natriuretic peptide; TyG index, triglyceride glucose index; STEMI, ST-segment elevation
myocardial infarction; NSTEMI, non ST-segment elevation myocardial infarction; UA, unstable angina; MACES, major adverse cardiac events.
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Univariate analysis Multivariate analysis

OR (95% CI) OR (95% ClI)

Demographics

Age 1.006 (0.981-1.032) 0.642

Male 0.628 (0.301-1.311) 0216

Hypertension 1.036 (0.583-1.842) 0.904

Diabetes mellitus 2479 (1.452-4.232) 0001 1.279 (0.659-2.483) 0.467
Renal dysfunction 5.525 (2.268-13.456) 0 3.515(1.006-12.278) 0.049
Number of treated vessels 3.608 (2.239-5.815) 0 3.775(2.223-6.411) 0
Echocardiography 7

LVEF(%) 0.979 (0.947-1.012) 0.207

Laboratory data

Urea/(mmol/L) 1.013 (0.952-1.077) 0.692

Cr/(umol/L) 1.014 (1.003-1.026) 0,017 0.990 (0.972-1.009) 0.293
UA/(umol/L) 1.001 (0.998-1.003) 0718

CysC/(mg/L) 5.019 (2.184-11.537) 0 4741 (1344-16.731) 0.016
€GFR/(ml/min/L) 0.988 (0.975-1.001) 0.067

TC/(mmol/L) 1.218 (0.988-1.502) 0.065

TG/(mmol/l) 1.511 (1.230-1.857) 0 1713 (0.984-2.983) 0.057
HDL-C/(mmol/L) 0.230 (0.073-0.727) 0.12

LDL-C/(mmol/L) 1.051 (0.828-1.334) 0.682

FPG/(mmol/L) 1.171 (1.666-1.285) 0.001  1.007 (0.878-1.155) 0.92
HbA1c/(%) 1.016 (0.963-1.072) 056

BNP/(pg/mL) 1.000 (1.000-1.001) 04

TyG index 2423 (1.641-3.577) 0 2513 (1.451-4351) 0.001

OR, odds ratio; CI, confidence interval. P values in bold are < 0.05.

LVEEF, left ventricular ejection fraction; Urea, urea nitrogen; Cr, creatinine; UA, uric acid; CysC, cystatin C; eGFR, estimated glomerular filtration rate; TC, total cholesterol; TG, triacylglycerol;
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; FPG, fasting plasma glucose; HbAlc, hemoglobin Alc; BNP, B-natriuretic peptide; TyG index,
triglyceride glucose index; MACE, major adverse cardiac events.
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LowS

N (%) 43,170 (222)
Mean age at DDD 63.7 %122
Male, % 489
Ethnicity, %

Chinese 773

Malay 109

India 8.1

Others 37

HbAIc observed at DDD, % 728

Mean HbALc at diagnosis of type 2 diabetes (SD) 627 (0.58)

Mean HbAlc Frequency (SD) 112 (124)
Mean observational period (SD), weeks 2199 (236.2)
HHE observed, % 293
Established CVD, % 258

Prior IHD, % 169

Prior PAD, % 12

Prior HS, % 09

Prior 18, % 64

Prior TIA, % 16

Prior AF, % 47

Prior Neuropathy, % 10

Prior DPA, % 12

Prior Heart Failure, % 12
Acarbose, % 05
Metformin, % 301
Sulfonylureas, % 93
DPP-4i, % 28

SGLT2i, % 15
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Men Women
Models

OR (95%Cl) P OR (95%Cl) P

High estimated 10-year CVD risk

Model 1 1.40(1.31-1.49) <0.001 1.32(1.24-1.42) <0.001
Model 2 1.34(1.24-1.44) <0.001 1.26(1.17-1.36) <0.001
Model 3 1.14(1.04-1.25) 0.016 1.20(1.11-1.31) <0.001

High estimated 10-year ASCVD risk

Model 1 1.51(1.38-1.64) <0.001 1.56(1.39-1.74) <0.001
Model 2 1.44(1.31-1.58) <0.001 1.51(1.35-1.70) <0.001
Model 3 1.22(1.08-1.41) 0.009 1.34(1.12-1.60) <0.001

Model 1: adjustment for the diabetic duration, glycated hemoglobin Alc, homeostasis model
assessment of insulin resistance, triglycerides, and low-density lipoprotein cholesterol.
Model 2: additional adjustment for age, waist circumference, total cholesterol, high-density
lipoprotein cholesterol, systolic blood pressure, diastolic blood pressure, family ASCVD
history, smoking, and urbanization.

Model 3: further adjustment for the visceral fat area and usage of glucagon-like peptide 1
receptor agonists or sodium-glucose co-transporters type 2 inhibitors.

PrFT, perirenal fat thickness.
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Hazard Ratio

(95% Cl)
LowS (Base) 1 -
ModLowA 0.79 (0.6 to 1.0) <0.01*
ModHighA 1.30 (0.5 to 2.1) 0.02*
ModLowD | 1.17 (0.7 to 1.8) 0.15
ModHighD 1.89 (1.0 to 2.8) <0.01*
ModHighV 1.94 (1.2 to 2.6) <0.01*
HighSD 1.25 (0.8 to 1.7) <0.01%
HighV 2.88 (2.0 to 3.7) <0.01*
Age at diagnosis 1.02 (1.01 to 1.03) 0.99
Female (Base) 1 -
Male 1.08 (0.8 to 1.4) 0.64
Chinese (Base) | =
Malay 1.11 (0.7 to 1.5) 0.41
Indian 1.34 (0.8 to 1.7) 0.02*
Other races 1.17 (0.5 to 1.9) 0.05*
Baseline HbAlc 1.02 (0.9 to 1.1) 0.84
Without baseline prior 1 -
complications (Base)
Established CVD 4.94 (3.5 to 6.4) <0.01*
Prior IHD 1.42 (0.8 to 2.0) 0.03*
Prior PAD 0.99 (04, 1.6) 091
Prior HS 0.83 (02 to 1.5) <0.01%
Prior IS 0.65 (0.3 to 1.0) <0.01*
Prior TIA 0.73 (02 to 1.3) <0.01%
Prior AF 250 (14 to 3.6) <0.01*
Prior Neuropathy 1.70 (0.9 to 2.5) <0.01*
Prior DPA 2.17 (1.1 to 3.3) <0.01*
Prior HHF 5.16 (3.3 to 7.1) <0.01*

*Significant covariates.
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Q4(>16.4)

Age (year) 54381 541488 3.1+ 6.1 541471 558+ 7.1 0463
Dibetes 8331 80+42 8638 83429 8426 016
duration (year)
Men, n (%) 364(51.7) 108(61.4) 77(43.8) 92(50.0) 87(518) 0010
WC (cm) 85.4£7.1 802 %438 847+ 60 870 £ 56 870 £7.8 <0.001
HbAILc (%) 84410 83+038 84409 86+ 11 83+12 0786
TG (mmol/L) 2144139 114 £0.76 196+ 117 225 +0.86 325+ 169 <0.001
TC (mmol/L) 538+ 121 507 £ 115 524 %121 564+ 121 554+ 121 <0.001
HDL-c (mmol/L) 109 £ 025 127 £0.28 111 £021 102 £ 0.18 094 +0.17 <0.001
LDL-c (mmol/L) 3.54% 095 324094 352091 383 £ 0.96 355 £0.95 <0.001
SBP (mmHg) 1345 + 165 1185 + 135 1321+ 123 1405 + 113 1471 £ 137 <0.001
DBP (mmHg) 810+ 858 743£656 804473 838477 857489 <0.001
HOMA-IR 112462 66+38 107456 130+ 43 14872 <0.001
Hypertension, n (%) 266(37.8) 24(13.6) 43(24.4) 91(49.5) 108(64.3) <0.001
Smoking, n (%) 193(27.4) 59(33.5) 143(249) 144(23.9) 47(28.0) 0.171
Urban, n (%) 368(52.3) 90(51.1) 95(54.0) 92(50.0) 91(51.1) 0.892
Family ASCVD
ALY, 2(.1) 6(34) 5(28) 5(2.7) 6(3.6) 0.959
history, n (%)
Framingham risk score 18.7 + 10.8 10.1 £6.1 14671 215+ 87 289 +10.4 <0.001
Low-risk, n (%) 186(26.4) 122(69.3) 45(25.6) 16(8.7) 3(18) <0.001
Intermediate-isk,
"[em:(;:;e s 199(28.3) 32(18.2) 101(57.4) 51(27.7) 15(8.9) <0.001
High-risk, n (%) 319(45.3) 22(12.5) 30(17.0) 117(63.6) 150(89.3) <0.001
China-PAR equation 70 £54 30£23 45428 7745 130 +5.1 <0.001
risk score
Low-risk, n (%) 343(48.7) 149(84.7) 129(73.3) 63(34.2) 21.2) <0.001
Intermediate-risk,
i (:)e = 140(19.9) 22(125) 37(21.0) 62(33.7) 19(11.3) <0.001
n
High-risk, n (%) 21(31.4) 5(28) 10(57) 59(32.1) 147(87.5) <0.001

WC, waist circumference; TG, triglycerides; TC, total cholesterol; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; SBP, Systolic blood pressure; DBP,
Diastolic blood pressure; PrET, perirenal fat thickness.
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Men (h=364) Women (n=340)

Variable

B P B P

Framingham risk score

Model 1 0.314 <0.001 0.375 <0.001
Model 2 0.150 <0.001 0.171 <0.001
Model 3 0.098 0.036 0.099 0.032

China-PAR equation risk score

Model 1 0.355 <0.001 0.393 <0.001
Model 2 0.159 <0.001 0.210 <0.001
Model 3 0.106 0.009 0.108 0.007

Model 1: adjustment for the diabetic duration, glycated hemoglobin Alc, homeostasis model
assessment of insulin resistance, triglycerides, and low-density lipoprotein cholesterol.
Model 2: additional adjustment for age, waist circumference, total cholesterol, high-density
lipoprotein cholesterol, systolic blood pressure, diastolic blood pressure, family ASCVD
history, smoking, and urbanization.

Model 3: further adjustment for the visceral fat area and usage of glucagon-like peptide 1
receptor agonists or sodium-glucose co-transporters type 2 inhibitors.

PrFT, perirenal fat thickness.
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Variable Category Frequency Percentage

Age (years) Mean + SD 49.5 + 12.7
Sex Male 207 54.76
Female 171 45.24
Residence Urban 290 76.72
Rural 88 23.28
FBS (mg/d]) Median (IQR) 170.5 (85.5- 255.5)
Hypertension Yes 168 44.44
No 210 55.56
Family history 7 Yes 148 39,15
of T2DM
No 230 60.85
Anemia Yes 17 4.50
7 No 361 95.50
Positive Yes 82 21.69
proteinuria [ [
No 296 78.31
Duration of T2DM | < 5 years 231 61.11
| > 5 years 147 38.89
Triglyceride < 150 mg/dl 224 59.26
> 150 mg/dl 154 40.74
HDL < 40 mg/dl 105 27.78
> 40 mg/dl 273 72.22
LDL < 100 mg/dl 259 68.52
> 100 mg/dl 119 31.48
Total cholesterol <200 mg/dl 248 65.61
> 200 mg/dl 130 34.39
Treatment ‘ Oral 216 57.14
hypoglycemic agent
Insulin 124 32.80
Both 38 10.05

FBS, fasting blood sugar; T2DM, type 2 diabetes mellitus; HDL, high density lipoprotein; IQR,
interquartile range; LDL, low density lipoprotein; SD, standard deviation.
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Microvascular complication COR 95% CI AOR 95% CI

\[e} Yes
Age 1.05 (1.03-1.07) 1.04 (1.02-1.06) 0.001
Residence
Urban 208(55.03) 82(21.69) 1.53 (0.86- 2.73) 1.59 (0.84- 3.02) 0.154
Rural 70(18.52) 18(4.76) 1 1
FBS 1.01 (1.01-1.01) 1.01 (1.00-1.01) < 0.001
Hypertension
Yes 105(27.78) 63(16.67) 2.81 (1.75- 4.50) 1.86 (1.08- 3.19) 0.025
No 173(45.77) 37(9.79) 1 1
Anemia
Yes 8(2.12) 9(2.38) 334 (1.25- 891) 340 (1.11- 10.44) 0.033
No 270(71.43) 91(24.07) 1 1
Proteinuria
Yes 54(14.29) 28(7.41) 1.61 (0.95- 2.74) 1.86 (1.00- 3.44) 0.049
No 224(59.26) 72(19.05) 1 1
Duration of T2DM
<5 years 191(50.53) 40(10.58) 1 1
> 5 years 87(23.02) 60(15.87) 329 (2.05- 5.29) 2.93 (1.72- 5.01) <0.001
Triglyceride
< 150 mg/dl 178(47.09) 46(12.17) 1 1
> 150 mg/dl 100(26.46) 54(14.29) 2.09 (1.31- 3.32) 1.17 (0.67- 2.04) 0.586
HDL
< 40 mg/dl 71(18.78) 34(8.99) 1.50 (0.92- 2.46) 0.94 (0.52- 1.71) 0.844
> 40 mg/dl 207(54.76) 66(17.46) 1 1
LDL
< 100 mg/dl 201(53.17) 58(15.34) 1 1
=100 mg/dl 77(20.37) 42(11.11) 1.89 (1.17- 3.04) 1.36 (0.77- 2.41) 0.294

Total cholesterol
<200 mg/dl 196(51.85) 52(13.76) 1 1

> 200 mg/dl 82(21.69) 48(12.70) 221 (1.38- 3.53) 1.93 (1.13- 3.29) 0016

1=reference.

AOR, adjusted odds ratio; CI, confidence interval; COR, crude odds ratio; FBS, fasting blood sugar; T2DM, type 2 diabetes mellitus; HDL, high density lipoprotein; LDL, low density lipoprotein.
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Variables Model 1 Model 2 Model 3

HR(95%CI) p-value HR(95%CI) p-value HR(95%CI) p-value
Tertile 1 / / / / / /
CAD .
(a=2090) Tertile 2 1.062(0.760-1.485) 0723 0.946(0.675-1.326) 0747 0.926(0.660-1.300) 0.657
Tertile 3 2.099(1.566-2.813) <0.001 1.666(1.228-2.260) 0.001 1.477(1.079-2.022) 0.015
Tertile 1 / / / / / /
CAD-DM .
(ne1094) Tertile 2 1.088(0.673-1.757) 0.732 0.996(0.612-1.620) 0.986 0.917(0.561-1.498) 0.730
Tertile 3 2.216(1.417-3.467) <0.001 1.944(1.219-3.101) 0.005 1.744(1.084-2.808) 0.022
Tertile 1 / / / / / /
CAD-non-
DM Tertile 2 1.016(0.636-1.624) 0.947 0.918(0.574-1.469) 0722 0916(0.570-1.474) 0719
(n=996) 5 5
Tertile 3 1.889(1.269-2.811) 0.002 1.426(0.944-2.153) 0092 1.306(0.857-1.989) 0214

Modell:crude risk; Model2:adjusted age, gender, BMI, current smoking; Model3:variables in model 2 plus hypertension, hyperlipidemia, DM, stroke, family history of premature CAD, prior PCI,
Creatinine, ALT, AST, revascularization.

MACE, major adverse cardiovascular event; DM, diabetes mellitus; TMAO, trimethylamine N-oxide; CAD, coronary artery disease; HR, hazard ratio; CI, Confidence interval; BMI, Body mass
index; PCI, percutaneous coronary intervention; ALT, alanine aminotransferase; AST, aspartate aminotransferase.
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Variables Tertile 2 696) p-value

age, years 662+ 108 628+ 105 664 + 100 694+ 108 <0001

male, % 1392(66.6%) 466(66.8%) 490(70.4%) 436(62.6%) 0.009

BMI, kg/m? 262+ 67 262468 26.1+58 26.1+73 0973

current smoking, % 703(33.6%) 239(34.2%) 253(36.4%) 211(30.3%) 0.051

hypertension, % 1654(79.1%) 521(74.6%) 540(77.6%) 593(85.2) <0001

hyperlipidemia, % 976(46.7%) 346(49.6%) 316(45.4%) 314(45.1%) 0257

DM, % 1094(52.3%) 310(44.4%) 335(48.1%) 449(64.5%) <0.001

stroke, % 241(115%) 57(8.2%) 91(13.1%) 93(13.4%) 0.003

history of statin use, % 773(37.0%) 269(38.5%) 271(38.9%) 233(33.5%) 0202

faiily hist6eyjof premiatire 164(7.8%) 65(9.3%) 57(8.2%) 42(6.0%) 0.061
CAD, %

prior PCL, % 801(38.3%) 250(35.8%) 269(38.6%) 282(40.5%) 0367

Laboratory test

TC, mmol/L 354+ 080 359 + 082 3514078 3524080 0.142

TG, mmol/L 177 £ 097 176 + 110 173 £ 093 179 +0.88 0528

HDL-C, mmol/L 100 £ 0.26 101 £ 026 100 £ 026 0.98 £ 025 0.067

LDL-C, mmol/L 2024070 207 £ 072 200 + 0.69 200 £ 0.69 0132

FBG, mmol/L 7127 671+ 242 7.02 £ 075 7,53 £2.90 <0.001

ALT 19.60(14.80,27.70) 20.90(15.48,29.83) 18.80(14.80,27.20) 18.70(13.90,26.28) <0001

AST 20.40(17.60,25.10) 20.95(17.70,25.40) 19.90(17.50,25.30) 20.40(17.50,24.70) 0.157

Crea,umol/L 78.00(68.00,89.00) 75.00(66.00,83.00) 79.00(68.00,88.00) 82.00(70.00,100.75) <0001

Medication at discharge

I Aspirin% 1831(87.6%) 616(88.3%) 611(87.8%) 604(36.8%) 0171

Clopidogrel,% 1435(68.7%) 472(67.6%) 476(68.4%) 487(70.0%) 0.125

Ticagrelor,% 412.0%) 16(2.3%) 16(2.3%) 9(1.3%) 0078

ACEI/ARB, % 886(42.4%) 267(38.3%) 288(41.4%) 331(47.6%) <0001

B-bloker, % 1176(56.3%) 391(56.0%) 394(56.6%) 391(56.2%) 0.194

BMI, body mass index; DM, diabetes mellitus; CAD, coronary artery disease; PCI, percutaneous coronary intervention; TC,total cholesterol; TG,triglycerides; HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TMAO, trimethylamine N-oxide; ACEL angiotensin converting
enzyme inhibitors; ARB, angiotensin receptor blocker.
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Obesity Index

Body Mass
Index (BMI)

Fat-free Mass Index

Waist circumference
(WC); Waist-to-hip
ratio (WHR)

Fat Percentage (BE%)

Periaortic Adipose
Tissue Volume

PVAT Density

Epicardial Adipose
volume (EATV)

Intramuscular Fat

Weight (kg)/Height* (m?)

Assessed using
bioelectrical impedance
Technique, fat-free mass
(kg)/Height? (m?)

'WC is measured at the
level between the lowest
rib and iliac bone; WHR is
the WC divided by the
hip circumference

Measured by hydrostatic
weighing, predicted by
body skinfolds
‘measurements or by DXA
whole body scans

‘The volume of adipose
tissue at mid-abdominal
aorta

‘The ratio between the

number of fat pixels inside
ROI and the area of

the ring

“The volume of visceral
adipose tissue that is
located between the
pericardium

and myocardium

Using threshold method
with semiautomat
segmentation procedure

Obesity Measure

Overall level of obesity

“The percentage of the
body mass corresponding
o fat-free mass

Central (abdominal)
obesity

‘The percentage of the
body mass corresponding
to fat mass.

ectopic fat depots and
central obesity

Ectopic fat depots

Ectopic fat depots

Ectopic fat depots;
Associated with
postoperative recovery

aneurysm morbi

ity

Subjects

Human (504 participants)

Human
(3,056,455 participants)

Human
(367703 participants)

Human
(12203 participants)

Human (504 participants)

Human
(3000 participants)

Human (341 participants)

Human (237patients with
infrarenal and
fusiform AAA)

Human (94 AAA patients
undergone EVAR)

The relationship between obesity and abdominal aortic aneurysm mortality

Body Mass
Index (BMI)

Weight (kg)/Height’ (m?)

Overall level of obesity

Human (33082
AAA patients)

Human (33082 patients
with pararenal and
thoracoabdominal
aortic aneurysms)

Human (80 AAA patients
undergoing
elective EVAR)

Human (2201
AAA patients)

Human (103,972
AAA patients)

Human (202 patients with
ruptured AAA)

Human (5455
AAA patients)

Human

Human (7543
AAA patients)

Abdominal
Aortic Segments

Superior mesenteric artery
(SMA) segment; Aortic
‘midpoint segment; Aortic
bifurcation segment

“The greater of orthogonal
and transverse ultrasound
measurements of the
infrarenal abdominal aorta

Not available

‘The maximum
diameter of the
infrarenal aorta

Superior mesenteric artery
segment; Aortic midpoint
segment; Aortic
bifurcation segment

Alevel 5 cm above the

aortoiliac bifurcation

‘The maximum length
between opposite walls on
AAA main axis

The difference between the
initial and last maximal
short- axis diameter

of AAA

Difference in aneurysm
volume before and after
EVAR; Maximum
aneurysm diameter

Not available

Not available

Not available

Not available

Not available

Not available

Not available

Not available

Not available

Aortic Diameter
Measurement Method

Computerized
Tomography (CT)

Ultrasound

Not available

Ultrasound

Computerized
Tomography (CT)

cr

Not available

Not available

Not available

Not available

Not available

Not available

Not available

Not available

Not available

Ref

Relationship

BMI is positively a0
associated with increasing

aortic diameter at the

SMA segment

(standardized

68 p<0.01)

BMI>25 is significantly an
associated with AAA

prevalence (OR=1.20(95%

CI, 117-1.22], P<0.001)

‘There was significant 12)
evidence that fat-free mass

index was inversely

associated with abdominal

aortic aneurysm [OR=0.64

(95% CI, 0.42-

0.95), P=0.03].

Waist circumference (3)
[OR=1.14 (95% CI, 1.06-
1.22), P<0.001] and waist-
to-hip ratio [OR=1.22
(95% CI, 1.09-1.37),
P<0.001] were
independently associated
with AAA and aortic
diameter, especially for
AAA 240 mm [OR=1.53
for waist-to-hip ratio (95%
CI, 126-1.85), P<0.001].

Positively associated with | (10)
increasing aortic diameter

at the SMA segment

(standardized

B=0.12 p<0.01)

Periaortic fat volume was | (14)
associated with aortic

dimensions in

abdomen (P<0.001)

Individual PVAT @1s)
differences were positively
correlated with aortic

volume. (P=0.006) The

presence of aneurysms was

an independent predictor

of increased differences in

PVAT in vivo

AAA expansion rate is 16)
positivly correlated with

EATV index (R =237, P

<001). Initial aneurysm

diameter and EATV index

> 60.3 cm’/m? were

significantly correlated

with AAA dilation

rate (P<0.001)

Patients with more a7y
intramuscular fat had a

high risk of

aneurysm dilation.

There is no significant 8)
difference in mortality
between the obesity and
non-obesity groups
undergoing OAR and
EVAR [OAR, 29% vs
32% (P = 50); EVAR,
0.5% vs 0.6% (P = .76)].
However, risk of renal
failure and wound
infections is higher in
obese group.

There exist no significant | (19)
differences between the

obese and nonobese

patients undergoing FB-

EVAR in 3-years survival

(83% + 5% vs 75% + 4%;

P =0.16), although 2 and

12 months QOL scores

showed higher in the

obese patients.

Obesity(BMI230) have @0
litle influence on

outcomes after EVAR

during 2 years of follow-up

(p = 0.688).

Obesity(BMI230) @)
independently predicts

increased cardiac (O]
for abesity 111, P=0.045)
and renal complications
(OR=6.3 for obesity II,
P<0.001) after open AAA
repair and predicts
increased wound
complications after both
open repair(OR=2.4 for
obesity I, P=0.002) and
EVAR(OR=3.1 for obesity
1, P=0.026), despite no
statistically difference in 30
day mortality.

BMI is positively 22
associated with AAA

‘mortality among men

patients [HR=381(95% CI,
1.39-10.49), P=0.01]

For every | kg/m2 increase | (23)
in BMI, the risk of 30-day

death in hospitalized

patients with rAAA repair

was significantly increased

by 108 (95% CI, 101-117;

P =0.04).

The 30-day mortality rates | (24)
of OAR (7.3%) and EVAR

(2.4%) were higher in

‘morbidly obese patients

than in obese patients

(3.9%; 1.5%) or non-obese

(37%; 1.1%).

‘Trends in BMI were @35
negatively and significantly
associated with AAA

‘mortalty in both male and

female (P=0.0039).

Class 1 obese (BMI 25.1- (26)
30) patients have a

significantly lower 30-day

risk of death compared to

normal weight

patients (P<0.05),
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