

[image: image]





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 978-2-8325-6223-9
DOI 10.3389/978-2-8325-6223-9

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





Endocrinology of obesity, aging and stress

Topic editors

Yuko Maejima – Fukushima Medical University, Japan

Kenju Shimomura – Fukushima Medical University, Japan

Heidi de Wet – University of Oxford, United Kingdom

Citation

Maejima, Y., Shimomura, K., de Wet, H., eds. (2025). Endocrinology of obesity, aging and stress. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-6223-9





Table of Contents




Editorial: Endocrinology of obesity, aging and stress

Yuko Maejima, Kenju Shimomura and Heidi de Wet

Abdominal obesity in Chinese patients undergoing hemodialysis and its association with all-cause mortality

Zhihua Shi, Yidan Guo, Pengpeng Ye and Yang Luo

Reoperation after surgical treatment for benign prostatic hyperplasia: a systematic review

Weixiang He, Ting Ding, Zhiping Niu, Chunlin Hao, Chengbin Li, Zhicheng Xu, Yuming Jing and Weijun Qin

Association between body composition and the risk of mortality in the obese population in the United States

Heeso Lee, Hye Soo Chung, Yoon Jung Kim, Min Kyu Choi, Yong Kyun Roh, Jae Myung Yu, Chang-Myung Oh, Joon Kim and Shinje Moon

Comparison of the effectiveness of zero-profile device and plate cage construct in the treatment of one-level cervical disc degenerative disease combined with moderate to severe paraspinal muscle degeneration

Haimiti Abudouaini, Hui Xu, Junsong Yang, Mengbing Yi, Kaiyuan Lin and Sibo Wang

Age at first birth, age at menopause, and risk of ovarian cyst: a two-sample Mendelian randomization study

Qian Su and Zhiyong Yang

Obesity- and lipid-related indices as a predictor of type 2 diabetes in a national cohort study

Ying Wang, Xiaoyun Zhang, Yuqing Li, Jiaofeng Gui, Yujin Mei, Xue Yang, Haiyang Liu, Lei-lei Guo, Jinlong Li, Yunxiao Lei, Xiaoping Li, Lu Sun, Liu Yang, Ting Yuan, Congzhi Wang, Dongmei Zhang, Jing Li, Mingming Liu, Ying Hua and Lin Zhang

Global trends in research on aging associated with periodontitis from 2002 to 2023: a bibliometric analysis

Xiaomeng Liu and Hongjiao Li

Sex differences in the effects of aromatherapy on anxiety and salivary oxytocin levels

Daisuke Nakajima, Megumi Yamachi, Shingen Misaka, Kenju Shimomura and Yuko Maejima

Metabolic signatures and risk of sarcopenia in suburb-dwelling older individuals by LC-MS–based untargeted metabonomics

Peipei Han, Xiaoyu Chen, Zhenwen Liang, Yuewen Liu, Xing Yu, Peiyu Song, Yinjiao Zhao, Hui Zhang, Shuyan Zhu, Xinyi Shi and Qi Guo

Relationship between triglyceride-glucose index and cognitive function among community-dwelling older adults: a population-based cohort study

Weimin Bai, Shuang An, Hui Jia, Juan Xu and Lijie Qin

The novel chimeric multi-agonist peptide (GEP44) reduces energy intake and body weight in male and female diet-induced obese mice in a glucagon-like peptide-1 receptor-dependent manner

James E. Blevins, Mackenzie K. Honeycutt, Jared D. Slattery, Matvey Goldberg, June R. Rambousek, Edison Tsui, Andrew D. Dodson, Kyra A. Shelton, Therese S. Salemeh, Clinton T. Elfers, Kylie S. Chichura, Emily F. Ashlaw, Sakeneh Zraika, Robert P. Doyle and Christian L. Roth

Sympathetic innervation of interscapular brown adipose tissue is not a predominant mediator of oxytocin-elicited reductions of body weight and adiposity in male diet-induced obese mice

Melise M. Edwards, Ha K. Nguyen, Andrew D. Dodson, Adam J. Herbertson, Tami Wolden-Hanson, Tomasz A. Wietecha, Mackenzie K. Honeycutt, Jared D. Slattery, Kevin D. O’Brien, James L. Graham, Peter J. Havel, Thomas O. Mundinger, Carl L. Sikkema, Elaine R. Peskind, Vitaly Ryu, Gerald J. Taborsky Jr. and James E. Blevins

A study of the relationship between social support, depression, alexithymia and glycemic control in patients with type 2 diabetes mellitus: a structural equation modeling approach

Yuqin Gan, Fengxiang Tian, Xinxin Fan, Hui Wang, Jian Zhou, Naihui Yang and Hong Qi

A PRDM16-driven signal regulates body composition in testosterone-treated hypogonadal men

Siresha Bathina, Georgia Colleluori, Dennis T. Villareal, Lina Aguirre, Rui Chen and Reina Armamento-Villareal

Association between adult body shape index and serum levels of the anti-aging protein Klotho in adults: a population-based cross-sectional study of the NHANES from 2007 to 2016

Li Gong, Jinghan Xu, Yiyang Zhuang, Liwei Zeng, Zhenfei Peng, Yuzhou Liu, Yinluan Huang, Yutian Chen, Fengyi Huang and Chunli Piao





EDITORIAL

published: 27 March 2025

doi: 10.3389/fendo.2025.1587811

[image: image2]


Editorial: Endocrinology of obesity, aging and stress


Yuko Maejima 1, Kenju Shimomura 1* and Heidi de Wet 2


1 Department of Bioregulation and Pharmacological Medicine, Fukushima Medical University, Fukushima, Japan, 2 Department of Physiology, Anatomy and Genetics, University of Oxford, Oxford, United Kingdom




Edited and Reviewed by: 

James Harper, Sam Houston State University, United States

*Correspondence: 

Kenju Shimomura
 shimomur@fmu.ac.jp


Received: 05 March 2025

Accepted: 11 March 2025

Published: 27 March 2025

Citation:
Maejima Y, Shimomura K and de Wet H (2025) Editorial: Endocrinology of obesity, aging and stress. Front. Endocrinol. 16:1587811. doi: 10.3389/fendo.2025.1587811



Keywords: aging, obesity, stress, endocrinology, metabolism


Editorial on the Research Topic 


Endocrinology of obesity, aging and stress


The intricate relationship between the endocrine system, obesity, aging, and stress has become a focal point in contemporary research. This Research Topic, “Endocrinology of obesity, aging, and stress,” gathers pivotal studies that collectively enhance our understanding of these interrelated physiological systems. By examining the fields of hormonal, metabolic, and psychological systems, these contributions offer a comprehensive and integrated view of the factors influencing health and disease in the context of obesity, aging, and stress.

Various studies within this Research Topic have illuminated the significant roles of body composition and metabolic health in aging processes, highlighting how certain body indices can serve as predictors of important anti-aging markers. This perspective is further enriched by research into the regulatory mechanisms of body composition, emphasizing the therapeutic potential of targeting specific genetic markers and metabolic pathways to manage health. Global research trends on aging associated with periodontal health over the last two decades reveal significant technical advancements, providing a rich backdrop for future research directions in this field. The exploration of psychological factors also proves crucial, as emotional and social support systems are shown to significantly impact glycemic control, particularly in patients managing chronic conditions such as diabetes over a lifetime. These studies highlight that the mental health aspect of dealing with long-term conditions needs as much attention as the management of the physiological pathologies associated with chronic disease.

Mechanisms underlying weight regulation have been another critical area of focus. Investigations into hormonal influences reveal that processes beyond traditional sympathetic innervation contribute to the regulation of body weight and adiposity, underscoring the complexity of endocrine interactions. Moreover, novel therapeutic agents have been identified that may offer new avenues for obesity treatment, acting on specific hormonal receptors to reduce energy intake and promote weight loss. Additionally, comprehensive assessments of body composition beyond BMI are emphasized for evaluating health risks, particularly in the context of obesity-related mortality. The predictive value of obesity and lipid-related indices in the onset of type 2 diabetes underscores the importance of regular monitoring and early intervention to mitigate health risks.

The relationship between metabolic health and cognitive function, particularly in aging populations, is another vital aspect explored in this Research Topic. Findings suggest a clear link between metabolic indices and cognitive performance, highlighting the importance of maintaining metabolic health to preserve cognitive abilities in older adults. Early detection and intervention strategies based on advanced metabolic profiling techniques offer promising pathways to mitigate risks associated with muscle deterioration and cognitive decline.

Gender-specific responses to stress and therapeutic interventions are also addressed, with research indicating that aromatherapy and other non-pharmacological treatments may have differing effects based on sex. This highlights the necessity for personalized approaches in stress management and therapeutic applications. Reproductive health factors, such as age at first birth and menopause, are shown to influence the risk of ovarian cysts, offering insights into the long-term impacts of reproductive milestones.

Clinical interventions for degenerative diseases muscle degeneration and cervical disc degenerative diseases are also examined, providing guidance on optimal surgical approaches to improve patient outcomes.

The long-term outcomes and potential complications of surgical treatments for benign prostatic hyperplasia, as well as the significant impact of abdominal obesity on mortality rates in specific populations, highlight the need for targeted interventions to improve survival rates and patient care.

In conclusion, the articles featured in this Research Topic collectively advance our understanding of the endocrine, metabolic, and psychological factors influencing obesity, aging, and stress. By integrating diverse research methodologies and interdisciplinary approaches, these studies provide a robust foundation for future exploration and innovation in health promotion and disease prevention strategies.
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Introduction

Obesity in patients undergoing hemodialysis is common. However, there is limited information on the relationship between obesity types defined by the combined body mass index (BMI) and waist circumference (WC) classification criteria and all-cause mortality in Chinese hemodialysis patients. Our objective was to determine the association between obesity types and all-cause mortality in hemodialysis patients.





Methods

We conducted a prospective cohort study including patients from 11 hemodialysis centers in Beijing. According to the World Health Organization’s standards, patients were classified into 2 categories with WC and 4 categories with BMI and then followed up for 1 year. Kaplan–Meier survival analysis was used to compare the difference in the cumulative survival rate in different BMI and WC groups. A multivariate Cox regression analysis was used to determine the association between different types of obesity and all-cause mortality.





Results

A total of 613 patients were enrolled, the mean age was 63.8 ± 7.1 years old, and 42.1% were women. Based on the baseline BMI, there were 303 (49.4%) patients with normal weight, 227 (37.0%) with overweight, 37(6.0%) with obesity, and 46 (7.5%) with underweight. Based on the baseline WC, 346 (56.4%) patients had abdominal obesity. During a median follow-up of 52 weeks, 69 deaths occurred. Kaplan–Meier plots demonstrated a significant association of BMI categories (log-rank χ2 = 18.574, p<0.001) and WC categories (log-rank χ2 = 5.698, p=0.017) with all-cause death. With normal BMI and non-abdominal obesity as a reference, multivariate Cox regression analysis results showed that obesity (HR 5.36, 95% CI, 2.09-13.76, p<0.001), underweight (HR, 5.29, 95% CI, 2.32-12.07, p<0.001), normal weight combined with abdominal obesity (HR 2.61, 95% CI, 1.20-5.66, p=0.016), and overweight combined with abdominal obesity (HR 1.79, 95% CI, 1.03-3.73, p=0.031, respectively) were significantly associated with higher risks of all-cause mortality.





Conclusion

Our study indicated that abdominal obesity is common and associated with all-cause mortality among Chinese hemodialysis patients.





Keywords: abdominal obesity cohort study, hemodialysis, waist circumference, body mass index, all-cause mortality





Introduction

Obesity has reached epidemic proportions worldwide, and concerns about its influence on adverse outcomes have kept rising in the last decades (1, 2). In the general population, increased body mass index (BMI) has been shown to be an independent risk factor for all-cause mortality (3, 4). Compared with that in the general population, the results regarding this association in patients undergoing hemodialysis were different, a recent meta-analysis showed that BMI-defined obesity in hemodialysis patients was actually associated with reduced all-cause mortality, challenging the paradigm that obesity is related to increased mortality in the general population, and this inconsistent result was also called the “obesity paradox” (5). However, such a significantly different association in hemodialysis patients should not be simply explained as increased BMI is a protective factor, some studies in hemodialysis patients couldn’t validate this conclusion because of the existence of obese sarcopenia or protein-energy malnutrition (6).

Previous data showed that the use of BMI as a measurement of obesity has an important limitation because it does not discriminate abdominal from gluteofemoral fat (5, 7). To find more incremental risk information beyond the measurement of BMI alone among the obesity population, waist circumference (WC) measurement was introduced to assess abdominal obesity in various studies from different ethnic populations, and increased WC was also proved to be an independent risk factor of all-cause mortality even among normal-weight or overweight individuals in the general populations and peritoneal dialysis patients, however, there is still no information about the combination use of BMI and WC in the prediction of adverse outcomes among Chinese hemodialysis patients (8–11).

Compared with that in the general populations, the information about the characteristics of obesity and its influence on clinical adverse outcomes among elder hemodialysis patients is scarce, most previous studies about the relationship between obesity and mortality in hemodialysis patients were conducted with the measurement of BMI (12, 13),. There was still limited information about the association between abdominal obesity and all-cause mortality by combining measurements of BMI and WC in older hemodialysis patients in China. Therefore, we determined to investigate the characteristics of obesity and explore the association between abdominal obesity and all-cause mortality in a prospective cohort study of Chinese older patients undergoing hemodialysis.





Materials and methods




Ethics declaration and participants

The study protocol was approved by the Institutional Ethical Review Board of Beijing Shijitan Hospital, Capital Medical University (Approval No. SJT2016-18). We also performed the STROBE checklist for cohorts (supplementary STROBE checklist). All participants provided written informed consent for this study by themselves or their legal guardians. The patients’ identification numbers were anonymized to protect individuals’ privacy.

The data used in this study were obtained from a prospective cohort study: the cognitive impairment in Chinese hemodialysis patients (Registered in ClinicalTrials.gov, ID: NCT03251573). The cohort included 613 patients between the ages of 50 and 83 years from 11 hemodialysis centers in Beijing between April and June 2017, diagnosed with end-stage renal disease, treated with maintenance hemodialysis for a minimum of 3 months, and followed up for 1 year for the outcome of all-cause mortality (14). The inclusion criteria were as follows (1): age ≥50 years (2), end-stage renal disease with maintained hemodialysis treatment for a minimum of 3 months, and (3) willing to join the study and provide written informed consent. The exclusion criteria were as follows (1): estimation of a life expectancy of six months or less according to the nephrologists, and (2) planned kidney transplantation within 6 months of baseline.

Participants’ baseline characteristics were obtained from patient’s medical charts at the time of enrollment, including demographics (age, sex), lifestyle characteristics (smoking and alcohol intake), medical history (diabetes, hypertension, stroke, and coronary heart disease [CHD]) and laboratory variables (hemoglobin, albumin, total cholesterol, triglyceride, serum creatinine, blood urea nitroge, calcium, phosphate, intact parathyroid hormone [iPTH] and C reactive protein [CRP]). The single-pool Kt/V was calculated from the pre-and post-dialysis serum urea nitrogen levels as we applied in the previous study (15). Baseline CHD was defined as a history of recognized myocardial infarction, angina, and prior coronary angioplasty or bypass procedures.





Definition of BMI and WC

In our study, we used BMI and WC measured at baseline as the indexes of obesity. All of the patients had received maintenance hemodialysis for at least 3 months to avoid the influence of fluid overload at the initial stage of the hemodialysis that would distort BMI and WC measurements. The anthropometric data (height, weight, and waist circumference) were measured after a dialysis session to avoid inaccurate that may be caused by fluid overload before dialysis. BMI was calculated as weight in kilograms divided by height in meters squared. Training personnel measured WC in centimeters using the smallest circumference between the lower ribs and iliac crests. In order to make the obesity-related data comparable with other ethnic groups, we applied the classification of World Health Organization guidelines, we defined normal weight as a BMI of 18.5~24 kg/m2, overweight as a BMI of 24~30 kg/m2, obesity as a BMI ≥30 kg/m2, and underweight as a BMI<18.5 kg/m2. Abdominal obesity was defined as a waist circumference with sex-specific criteria (WC ≥90cm in men and ≥80cm in women) (4, 16).





Study outcomes and follow-up

The primary outcome of this study was all-cause mortality. The incidence of all-cause mortality for each participant was evaluated between June 30, 2017, and June 30, 2018. Survival time was defined as the time elapsed from initial study enrollment until the occurrence of an outcome event, kidney transplantation, and the end of the follow-up period. We obtained the survival status of the patients through periodic medical chart monitoring and contacting each patient’s dialysis unit.





Statistical analyses

Variables are presented as mean with SD or median with interquartile range (IQR) or number (proportion) where appropriate. Baseline characteristics were compared by using the Chi-square test for categorical variables and t or Wilcoxon rank sum tests, as appropriate, for continuous variables. Restricted cubic splines were used to evaluate for nonlinear relationships between baseline BMI or WC measures and outcomes. Kaplan–Meier curves for all-cause mortality based on BMI and WC were constructed, and the log-rank test was used to compare the inter-group differences. Multivariable Cox proportional hazards regression analyses were conducted to quantify the risk of all-cause death associated with baseline BMI or WC.

We also performed a sensitivity analysis to validate the stability of our study findings. Because the patients in each BMI group may differ by WC, we further stratified the participants of each BMI group into abdominal obesity and non-abdominal obesity groups, and generated the analysis of the joint associations of BMI and WC status with all-cause mortality, with the subgroup having normal BMI and non-abdominal obesity considered as reference, adjusting for baseline covariates.

Statistical significance was set at a value of p<0.05. All analyses were performed with SPSS version 21.0 statistical software (SPSS Inc, Chicago, IL, USA) and JMP Pro 13.2 statistical software (SAS Institute Inc.)






Results




Basic characteristics of the participants

We finally included 613 patients in this cohort study (Figure 1). The mean age was 63.82 ± 7.14 years, and 42.1% were women. The median hemodialysis vintage was 57 months, and the average dialysis treatment session length was 3.81 ± 0.27 h. each time, three times a week. The baseline characteristics of participants are displayed in Table 1. The male patients tended to have lower proportions of CHD history, abdominal obesity, shorter hemodialysis vintage, and higher level of serum creatinine and blood urea nitroge. (p<0.05).




Figure 1 | Flowchat of cohort creation.




Table 1 | Baseline characteristics of the participants.



Based on the baseline BMI, there were 303 (49.4%) patients with normal weight, 227 (37.0%) with overweight, 37(6.0%) with obesity, and 46 (7.5%) with underweight. Based on the baseline WC, there were 346 (56.4%) patients with abdominal obesity and 267 (43.6%) with non-abdominal obesity. The number of patients with abdominal obesity was 0 (0%) in the underweight group, 114 (37.6%) in the normal weight group, 195 (85.9%) in the overweight group, and 37 (100.0%) in the obesity group, respectively. None of the underweight patients had abdominal obesity, and all the patients in the obesity group were abdominal obesity patients. The distribution of the obesity status of the patients is shown in Figure 2.




Figure 2 | Distribution of patients according to the combination categories of BMI and WC.







Association of BMI and WC with the risk of all-cause mortality

After a median follow-up of 52 weeks, all-cause death occurred in 69 patients. (). Kaplan-Meier plots showed the association between BMI categories (log-rank χ2 = 18.574, p<0.001) and WC categories (log-rank χ2 = 5.698, p=0.017) and all-cause death, respectively. (Figures 3A, B)




Figure 3 | Kaplan–Meier survival curves for all-cause mortality based on body mass index (BMI) (A) and waist circumference (WC) (B). The pairwise comparison showed that there were significant differences between the underweight group (log-rank χ2 = 13.571, P<0.001) and the obesity group (log-rank χ2 = 6.664 P=0.010) and the normal BMI group respectively, but there is no significant difference between the overweight group (log-rank χ2 = 0.102 P=0.750) and the normal BMI group. (Figure 3A), and there was a significant difference between the abdominal obesity group and the non-abdominal obesity group (log-rank χ2 = 5.698, P=0.017). (Figure 3B).



Restricted cubic splines showed the nonlinear relationships between BMI and WC and the hazard ratios for all-cause mortality. (Figures 4A, B). Figure 4A showed a U-shaped relationship between BMI and mortality, with the lowest BMI integer value of 25 kg/m2. Both the increase and decrease in BMI were associated with an increasing trend of death risk. Figure 4B shows the relationship between WC and mortality, with a hazard ratio <1.0 for WC<85cm and a hazard ratio >1.0 for WC>85cm.




Figure 4 | Relationships between body mass index (BMI) (A) and waist circumference (WC) (B) and mortality rates with 95% confidence intervals for hemodialysis patients. Hazard ratios for mortality depending on BMI (A) and WC (B) were modeled by separate restricted cubic splines Cox regression model analyses. The models were adjusted for age, sex, smoking, alcohol drinking, medical history of hypertension, diabetes, stroke, and CHD, dialysis vintage, Kt/V, hemoglobin, serum levels of albumin, total cholesterol, triglycerides, calcium, phosphate, intact parathyroid hormone, and C-reactive protein.



Results of univariable and multivariable Cox proportional hazard analyses were summarized in Table 2. Using the normal weight group as a reference, multivariate Cox regression analysis showed that the risk of all-cause death tended to increase in the obesity group (HR 2.50, 95% CI, 1.12-5.59, p=0.026) and the underweight group (HR 3.49, 95% CI, 1.75-6.99, p<0.001), but not in the overweight group (HR 1.10, 95% CI, 0.62-1.93, p=0.758); and using the non-abdominal obesity group as a reference, the risk of all-cause death was increased in the abdominal obesity group (HR 1.80, 95% CI, 1.06-3.05, p=0.029).


Table 2 | The association between BMI and WC status and all-cause mortality.



The sensitive analysis showed the association between abdominal obesity status and all-cause mortality in different ranges of BMI. We used the group of patients with normal BMI and non-abdominal obesity as a reference, multivariate Cox regression analysis results showed that obesity (HR 5.36, 95% CI, 2.09-13.76, p<0.001) and underweight (HR, 5.29, 95% CI, 2.32-12.07, p<0.001) were still significantly associated with higher risks of all-cause mortality. In addition, for normal weight and overweight patients, the risks of all-cause mortality were also significantly increased in patients combined with abdominal obesity (HR 2.61, 95% CI, 1.20-5.66, p=0.016 and HR 1.79, 95% CI, 1.03-3.73, p=0.031, respectively), but not in patients with non-abdominal obesity (HR 0.89, 95% CI, 0.11-6.93, p=0.907). (Table 3).


Table 3 | Associations of abdominal obesity and all-cause mortality in different ranges of BMI.








Discussion

In this cohort study of hemodialysis patients, we found that both underweight and obese patients defined by BMI had a significantly increased all-cause mortality compared with the patients with normal weight, while the overweight patients did not exhibit such kind of association with death. In addition, our data showed that participants with abdominal obesity defined by WC also had an increased risk of all-cause mortality compared with non-abdominal obesity counterparts even after adjusted with some potential mediators, notably, this association was observed in the patients with a wide range of BMI, even in the patients with BMI defined normal or overweight. Our data delineated the characteristics of obesity in Chinese older hemodialysis patients and provided evidence about the association between abdominal obesity and all-cause mortality in different BMI ranges.

Currently, obesity has been regarded as a kind of chronic disease, and obesity-related issues in patients with chronic kidney disease also cause great attention (9, 10). In 2002, the prevalence of obesity in the U.S. Renal Data System was 29% (17). Data from some European countries showed that the proportion of obese patients on dialysis was less than in the U.S., ranging from 10% to 12% (18). In China, the latest national survey showed that the prevalence was 34.3% for overweight and 16.4% for obesity in the general population from 2015 to 2019, and the study also found that there is a trend that Chinese people with obesity tend to have abdominal obesity (apple-shaped) rather than gluteofemoral obesity (pear-shaped) (19). In our study, the proportion of overweight was 37% and obesity was 6% defined by BMI; we also noticed that the total abdominal obesity had reached 56.4%. Notably, all of the obese patients defined by increased BMI in our study also had abdominal obesity, and abdominal obesity even existed in the normal weight and overweight groups defined by BMI, that is to say, the main feature of obesity in this group of elder patients undergoing hemodialysis was abdominal obesity, these results also mirrored the differences between the general population and patients undergoing hemodialysis in China. Although most of the current understanding of the negative influence of excess body fat on health was built up on the basis of the data on general obesity, which was defined by increased BMI (13, 16, 20), evidence is emerging that BMI is an imperfect metric for obesity, and WC appears to be a better indicator of this disease than BMI (21–23). A pooled analysis included 650000 white adults from the Mayo Clinic indicated that abdominal obesity defined by increased WC was positively associated with higher all-cause mortality at all levels of BMI from 20 to 50 kg/m2 (24). These data provide evidence that abdominal obesity is an independent risk factor for all-cause mortality in community individuals, based on such related information, we used WC to evaluate the status of abdominal obesity on the basis of BMI classification, and this is also the first report about the features of obesity among Chinese elder hemodialysis patients.

Another major concern is the relationship between obesity and adverse outcomes in hemodialysis patients. Maleeka (5) made a meta-analysis that included 852162 patients undergoing hemodialysis in 65 cohorts, the results showed that a 1 kg/m2 increase in BMI was associated with a 3 and 4% reduction in all-cause and cardiovascular mortality in patients on hemodialysis, the results seemed to indicate that being obese is protective against all-cause and cardiovascular mortality. However, some studies didn’t show this “obesity paradox”. Ellen (25) found a U-shaped association between obesity measured by BMI and all-cause mortality after 7 years of follow-up in a group of hemodialysis patients who were younger than 65 years old. Like the limitation in the general population, using BMI in the evaluation of obesity in dialysis patients also couldn’t reflect the real situation of abdominal fat deposition (23). By applying both BMI and WC measurements, our results showed that abdominal obesity existed in individuals with a wide range of BMI, even in the patients with BMI defined as normal or overweight, this result was in accordance with the results from the cohort study from Korean, they included the data of 18,699 adult hemodialysis patients who were followed up for 4 years and for whom BMI and WC information were available, participants with the highest WC had a higher risk of mortality, these data in Asian hemodialysis population reflected the important in monitoring the WC among hemodialysis patients (26).

As abdominal obesity was the marker of visceral fat accumulation, previous studies indicated that it was more strongly associated with multiple chronic diseases than gluteofemoral obesity (27, 28). This overlapped classification of obesity between BMI and WC measurements in our study might partially explain the reason why we didn’t see the “obesity paradox” in these participants, at the same time, our data also indicated that visceral fat accumulation played an important role in deciding the relationship of obesity and all-cause mortality, it seems necessary to use BMI and WC at the same time in evaluating the obesity status in hemodialysis patients, this combining metrics of overall body size with BMI and local fat accumulation with WC seems to be particularly important in predicting the clinical outcomes in patients undergoing hemodialysis.

Our study has various strengths. We used standardized data from a prospective cohort of participants undergoing hemodialysis from 11 centers, all participants had relatively stable states with proper dry weight at the enrollment, which significantly reduced the influence of fluid overload on the evaluation of obesity. Furthermore, both BMI and WC applied in our study are simple and reliable metrics for different types of obesity, which provide an accurate classification of obesity status in our study. Nevertheless, several limitations should be recognized, including a relatively small sample size and short time of follow-up, the representative of the enrolled patients was only restricted within Beijing which may lead to selection bias, and some larger cohorts are needed to delineate the characteristics of obesity in patients undergoing hemodialysis in China. In addition, spectroscopic bioimpedance has not yet been used in this study, and it is crucial in determining the distribution of fat and muscle mass. The results of this study suggested that patients undergoing hemodialysis might improve life expectancy by proper weight control to the recommended levels, and both BMI and WC measurements are important metrics in identifying obesity status which should be used simultaneously in the obesity-related evaluation.





Conclusions

In conclusion, our findings indicate that abdominal obesity is common and associated with all-cause mortality among middle-aged and older age Chinese patients undergoing hemodialysis. The obese patients defined by increased BMI also have abdominal obesity, which reflects that visceral fat deposition is a key feature among this group of patients, it might be necessary to make a combined measurement of BMI and WC while evaluating of obesity status in these patients.
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Context

Surgical treatment is important for male lower urinary tract symptom (LUTS) management, but there are few reviews of the risks of reoperation.





Objective

To systematically evaluate the current evidence regarding the reoperation rates of surgical treatment for LUTS in accordance with current recommendations and guidelines.





Evidence acquisition

Eligible studies published up to July 2023, were searched for in the PubMed® (National Library of Medicine, Bethesda, MD, USA), Embase® (Elsevier, Amsterdam, the Netherlands), and Web of Science™ (Clarivate™, Philadelphia, PA, USA) databases. STATA® (StataCorp LP, College Station, TX, USA) software was used to conduct the meta-analysis. Random-effects models were used to calculate the pooled incidences (PIs) of reoperation and the 95% confidence intervals (CIs).





Evidence synthesis

A total of 119 studies with 130,106 patients were included. The reoperation rate of transurethral resection of the prostate (TURP) at 1, 2, 3, and 5 years was 4.0%, 5.0%, 6.0%, and 7.7%, respectively. The reoperation rate of plasma kinetic loop resection of the prostate (PKRP) at 1, 2, 3, and 5 years was 3.5%, 3.6%, 5.7%, and 6.6%, respectively. The reoperation rate of holmium laser enucleation of the prostate (HoLEP) at 1, 2, 3, and 5 years was 2.4%, 3.3%, 5.4%, and 6.6%, respectively. The reoperation rate of photoselective vaporization of the prostate (PVP) at 1, 2, 3, and 5 years was 3.3%, 4.1%, 6.7%, and 7.1%, respectively. The reoperation rate of surgery with AquaBeam® at 1, 2, 3, and 5 years was 2.6%, 3.1%, 3.0%, and 4.1%, respectively. The reoperation rate of prostatic artery embolization (PAE) at 1, 2, 3, and 5 years was 12.2%, 20.0%, 26.4%, and 23.8%, respectively. The reoperation rate of transurethral microwave thermotherapy (TUMT) at 1, 2, 3, and 5 years was 9.9%, 19.9%, 23.3%, and 31.2%, respectively. The reoperation rate of transurethral incision of the prostate (TUIP) at 5 years was 13.4%. The reoperation rate of open prostatectomy (OP) at 1 and 5 years was 1.3% and 4.4%, respectively. The reoperation rate of thulium laser enucleation of the prostate (ThuLEP) at 1, 2, and 5 years was 3.7%, 7.7%, and 8.4%, respectively.





Conclusion

Our results summarized the reoperation rates of 10 surgical procedures over follow-up durations of 1, 2, 3, and 5 years, which could provide reference for urologists and LUTS patients.





Systematic review registration

https://www.crd.york.ac.uk/PROSPERO, identifier CRD42023445780.





Keywords: benign prostate hyperplasia, lower urinary tract symptoms, surgery, retreatment, reoperation





Introduction

Lower urinary tract symptoms (LUTSs) related to benign prostatic hyperplasia (BPH) are very common in older men and seriously affect their quality of life (1). Although α1-adrenoceptor antagonists and 5α-reductase inhibitors are first-line drugs with good efficacy, many adverse events such as dizziness, asthenia, postural hypotension, and low libido may occur as a result of treatment with them (1). In addition, there are some patients who have poor drug responsiveness or for whom these drugs are eventually unable to delay disease progress. Therefore, many patients ultimately require surgical intervention (1). According to the current guidelines, indications of the need for surgery include renal insufficiency, refractory urinary retention, recurrent urinary tract infections (UTIs) or gross hematuria, bladder stones, or the patient being refractory to or unwilling to use other therapies (2, 3). Transurethral resection of prostate (TURP) has long been considered the “gold standard” for the surgical management of LUTSs/BPH (4). In recent decades, many new technologies and procedures have been widely used and recommended by clinical guidelines, such as plasma kinetic resection of prostate (PKRP), holmium laser enucleation of the prostate (HoLEP), and photoselective vaporization of the prostate (PVP) (2, 3). Based on the current guidelines, the most suitable type of surgery for a patient depends on their prostate volume (PV), physical condition, and economic situation, and can also even be dependent on the preference of the surgeon and the machines owned by the hospital (2, 3).

Since the physical characteristics of the surgical technique and the anatomy of the prostate vary across patients, some may suffer bladder neck contracture (BNC), urethral stricture, or other complex complications postoperatively, and these may need surgical retreatment (1). In addition, some surgical procedures do not provide patients with satisfactory relief from their symptoms, or do not prevent the reappearance of bladder outlet obstruction over time after surgery, which may also require surgical retreatment. Moreover, some recommended surgical procedures are still under investigation such as surgery with AquaBeam® and prostatic artery embolization (PAE), of which the efficacy, safety, and tolerability still need to be confirmed (3). When selecting an appropriate surgical approach, knowledge of the reoperation rates could be used to predict the cost and management of disease in the years following the operation.

In the past, many studies have reported on the reoperation rate after various kinds of surgery. For patients who had undergone TURP, an Austrian nationwide study reported that the retreatment rate at the 1-year follow-up was 3.7%, and that this increased by approximately 1%–2% with each subsequent year (5, 6). A recent study reported that the rate of secondary surgery for TURP, transurethral incision of prostate (TUIP), and PVP at the 5-year follow-up was 10.3%, 13.6%, and 11.6%, respectively (7). Other procedures such as PAE and transurethral microwave thermotherapy (TUMT) were reported to have a higher risk of retreatment (8, 9). Recently, a systematic review also summarized the pharmacologic and surgical retreatment rates after newer office-based treatments, including water vapor thermal therapy (WVTT), prostatic urethral lift (PUL), and that using a temporarily implanted nitinol device (iTIND) (10). However, there is still a limited number of reviews on the reoperation rate of common surgeries recommended by the guidelines. We therefore conducted an updated systematic review and meta-analysis to summarize the reoperation rates of common surgical treatment for LUTSs/BPH. This review could be important to both BPH/LUTS patients and urologists when they are selecting an appropriate surgical procedure.





Methods




Literature search

This systematic review was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (11). The protocol was registered in the International Prospective Register of Systematic Reviews (PROSPERO) database (registration number CRD42023445780).

Studies were searched for in the PubMed® (National Library of Medicine, Bethesda, MD, USA), Embase® (Elsevier, Amsterdam, the Netherlands), and Web of Science™ (Clarivate™, Philadelphia, PA, USA) databases up to July 2023. The primary outcomes were the rates of surgical retreatment during follow-up. The search strategy is provided in the Supplementary Files. The initial screening, which included reading the title and abstract, was performed by the two authors independently (WXH and TD). Subsequently, the full text of potentially relevant studies was acquired for further confirmation and the data extraction process. Any conflicts that arose between the two authors during article selection and data extraction were resolved through discussion with an arbitrator (ZPN).





Inclusion and exclusion criteria

Articles that met the following criteria were included: (1) those that reported on the surgical retreatment rate of BPH/LUTS patients who had undergone operations in hospitals during the follow-up period; (2) those that were focused only on procedures recommended in the recent guidelines of the Association of University Administrators (AUA) and the European Association of Urology (EAU), including TURP, PKRP, TUIP, open prostatectomy (OP), thulium:yttrium aluminum garnet laser (Tm : YAG), enucleation of the prostate (ThuLEP), HoLEP, PVP, surgery with AquaBeam, PAE, and TUMT; (3) those that reported on a randomized controlled trial (RCT), non-randomized prospective study, or retrospective study; (4) those that were original peer-reviewed human participant research studies; (5) those that were published in English; and (6) those with a follow-up duration of 1, 2, 3, or 5 years. Studies such as reviews, editorials, commentaries, meeting abstracts of unpublished studies, and case reports were excluded. For duplicate publications, the higher-quality study, or the study that had been most recently published was selected.





Data extraction

Data were extracted from eligible studies by the two authors independently (WXH and TD). The extracted data included the first author’s surname, publication year, country of research, study design, patient information, follow-up time, and rates of surgical retreatment. The patient information collected included the patient’s number, age, prostate volume (PV), International Prostate Symptom Score (IPSS), postvoid residual volume (PVR), and maximum urinary flow rate (Qmax). It should be noted that surgical retreatment included both the management of the prostatic obstruction and of postoperative complications such as bladder neck contracture or urethral stricture. For some studies, we calculated the rate for further investigation if authors reported only the number of retreatment patients.





Quality assessment

The risk of bias (RoB) and quality of each eligible study were assessed by two authors independently (WXH and TD). For RCTs, the RoB was assessed, summarized, and then visualized using the Cochrane Collaboration RoB tool embedded in the RevMan (The Cochrane Collaboration, The Nordic Cochrane Centre, Copenhagen, Denmark) software (version 5.4). For single-arm studies, the RoB was assessed in accordance with the EAU guidelines for systematic reviews (12).





Data synthesis

For each surgical type, the baseline characteristics of patients were summarized and then pooled using Microsoft Excel® (Microsoft Corporation, Redmond, WA, USA) software (2016). In addition, the pooled incidences (PIs) and corresponding 95% confidence intervals (CIs) of the surgical retreatment rates were evaluated and stratified by the surgical type and follow-up duration (i.e., 1 year, 2 years, 3 years, and 5 years) using STATA (version 17.0; StataCorp LP, College Station, TX, USA). A random-effects model was used to estimate the pooled incidences.






Results




Study selection and characteristics

The study selection process is presented in the PRISMA flow chart shown in Figure 1. A total of 119 studies met our inclusion criteria. The baseline characteristics of the included studies are presented in Table 1. A total of 130,106 patients were included, of whom 100,295 had undergone TURP, 1,530 had undergone PKRP, 90 had undergone TUIP, 4,621 had undergone OP, 3,956 had undergone HoLEP, 1,584 had undergone ThuLEP, 14,058 had undergone PVP, 217 had undergone surgery with AquaBeam, 1,796 had undergone PAE, and 1,959 had undergone TUMT procedures. Forty-two studies were RCTs, 29 were non-randomized prospective studies, and 48 were retrospective single-arm case series. Forty-nine studies were conducted in Europe, 34 were conducted in Asia, 22 studies were conducted in North America, six studies were conducted in Africa, and two studies were conducted in Oceania. In addition, another six multi-institutional studies were conducted in Europe and North America.




Figure 1 | Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram.




Table 1 | Study characteristics.







Risk of bias

The quality and RoB assessments are summarized in the Supplementary Files. For the 42 RCT studies, the RoBs of the 32 studies were considered unclear, whereas 47 of the 77 single-arm studies were assessed as having a high RoB.





Baseline patient characteristics

As shown in Table 2, the preoperative characteristics of the patients were summarized and pooled in accordance with the type of procedure. It appeared that the PV, IPSS, and PVR values of patients who had undergone TUIP, OP, or TUMT were different from those of other groups. For patients who had undergone TURP, the average age was 70 years, the average PV was 55 cm3, the average IPSS was 22, the average PVR was 184 mL, and the average Qmax was 8 mL per s. For patients who had undergone PKRP, the average age was 69 years, the average PV was 67 cm3, the average IPSS was 21, the average PVR was 112 mL, and the average Qmax was 7 mL per s. For patients who had undergone TUIP, the average age was 71 years, the average PV was 26 cm3, the average IPSS was 16, the average PVR was 139 mL, and the average Qmax was 9 mL per s. For patients who had undergone OP, the average age was 71 years, the average PV was 106 cm3, the average IPSS was 24, the average PVR was 147 mL, and the average Qmax was 6 mL per s. For patients who had undergone HoLEP, the average age was 70 years, the average PV was 79 cm3, the average IPSS was 21, the average PVR was 186 mL, and the average Qmax was 8 mL per s. For patients who had undergone ThuLEP, the average age was 70 years, the average PV was 65 cm3, the average IPSS was 24, the average PVR was 138 mL, and the average Qmax was 7 mL per s. For patients who had undergone PVP, the average age was 72 years, the average PV was 63 cm3, the average IPSS was 22, the average PVR was 166 mL, and the average Qmax was 8 mL per s. For patients who had undergone surgery with AquaBeam, the average age was 67 years, the average PV was 79 cm3, the average IPSS was 23, the average PVR was 117 mL, and the average Qmax was 7 mL per s. For patients who had undergone PAE, the average age was 66 years, the average PV was 86 cm3, the average IPSS was 22, the average PVR was 124 mL, and the average Qmax was 10 mL per s. For patients who had undergone TUMT, the average age was 67 years, the average PV was 48 cm3, the average IPSS was 21, the average PVR was 76 mL, and the average Qmax was 9 mL per s.


Table 2 | Pooled estimates for baseline confounders.







Surgical retreatments after different procedures

In Table 3, the surgical retreatment rates of various procedures in different follow-up years are shown. Most of the evidence was derived from studies on TURP, PKRP HoLEP, and PVP, as there were fewer studies on TUIP, OP, ThuLEP, AquaBeam, PAE, and TUMT. For almost every procedure, the risk of surgical retreatment increased over time.


Table 3 | Surgical retreatment after different operation procedures.



At 1 year, the pooled incidence of surgical retreatment was 4.0% (95% CI 3.0% to 5.1%) for the TURP cohort, 3.5% (95% CI 0.6% to 8.2%) for the PKRP cohort, 1.3% (95% CI 0.3% to 2.8%) for the OP cohort, 2.4% (95% CI 1.1% to 4.1%) for the HoLEP cohort, 3.7% (95% CI 2.2% to 5.5%) for the ThuLEP cohort, 3.3% (95% CI 1.8% to 5.2%) for the PVP cohort, 2.6% (95% CI 0.5% to 7.4%) for the AquaBeam cohort, 12.2% (95% CI 2.4% to 27.8%) for the PAE cohort, and 9.9% (95% CI 7.0% to 13.3%) for the TUMT cohort.

At 2 years, the pooled incidence of surgical retreatment was 5.0% (95% CI 3.5% to 6.6%) for the TURP cohort, 3.6% (95% CI 1.9% to 5.8%) for the PKRP cohort, 3.3% (95% CI 0.1% to 17.2%) for the HoLEP cohort, 7.7% (95% CI 4.4% to 11.8%) for the ThuLEP cohort, 4.1% (95% CI 2.9% to 5.6%) for the PVP cohort, 3.1% (95% CI 1.1% to 6.0%) for the AquaBeam cohort, 20.0% (95% CI 8.9% to 34.1%) for the PAE cohort, and 19.9% (95% CI 15.0% to 25.7%) for the TUMT cohort.

At 3 years, the pooled incidence of surgical retreatment was 6.0% (95% CI 4.4% to 7.7%) for the TURP cohort, 5.7% (95% CI 3.2% to 8.8%) for the PKRP cohort, 5.4% (95% CI 3.7% to 7.2%) for the HoLEP cohort, 6.7% (95% CI 4.3% to 9.5%) for the PVP cohort, 3.0% (95% CI 0.6% to 8.4%) for the AquaBeam cohort, 26.4% (95% CI 18.9% to 35.0%) for the PAE cohort, and 23.3% (95% CI 16.3% to 31.2%) for the TUMT cohort.

At 5 years, the pooled incidence of surgical retreatment was 7.7% (95% CI 5.8% to 9.8%) for the TURP cohort, 6.6% (95% CI 4.6% to 9.3%) for the PKRP cohort, 13.4% (95% CI 6.9% to 21.5%) for the TUIP cohort, 4.4% (95% CI 1.5% to 8.7%) for the OP cohort, 6.6% (95% CI 4.2% to 9.5%) for the HoLEP cohort, 8.4% (95% CI 6.1% to 11.2%) for the ThuLEP cohort, 7.1% (95% CI 5.1% to 9.4%) for the PVP cohort, 4.1% (95% CI 1.7% to 7.2%) for the AquaBeam cohort, 23.8% (95% CI 21.4% to 26.3%) for the PAE cohort, and 31.2% (95% CI 25.5% to 37.2%) for the TUMT cohort.






Discussion

This systematic review comprehensively summarized the reoperation rates after surgeries for male LUTS management. We found that the retreatment rates increased over time and differed among procedures. Our results can be used to counsel both the urologists and patients regarding the different therapeutic strategies.

As the gold standard of surgical treatment for BPH/LUTSs, it was reported after a nationwide analysis of 20,671 patients that the surgical retreatment rate of TURP was 3.7% for 1 year and 9.5% for 5 years (5), which was similar to our current result. As the most widely investigated alternative to TURP and PKRP (bipolar TURP) was found to have a comparable efficacy in regard to the long-term follow-up, but was safer during the perioperative period (3). Numerous studies have reported that PKRP exhibited similar rates of surgical retreatment as TURP (3), which was consistent with our results.

Moreover, TUIP was recommended for patients with a PV of < 30 mL and those without a middle lobe (2, 3). A meta-analysis of six trials published 13 years ago showed that reoperation was more common after TUIP (18.4%) than it was after TURP (7.2%) (128). The follow-up periods of the six trials included above were different, which may introduce some bias; however, our updated review showed a similar result in that the reoperation rate of TUIP was 13.4% in 5 years, which was higher among these surgical procedures. The higher risk of surgical retreatment associated with TUIP may be due to its method, which involves only incising the bladder outlet without removing prostatic tissue. However, TUIP has been underutilized in the urological community over the years, the reasons for this include concerns related to the limitations of PV as an indicator of the need for surgery and also its long-term efficacy (129). In contrast to TUIP, during OP, the whole prostate is removed, which is recommended for patients with a PV of > 80 mL (2, 3). A nationwide analysis reported that the surgical retreatment rate of OP was 3.0% for 1 year and 6.0% for 5 years (130), which was similar to our result. Although its long-term reoperation rate seems lower than those of the other procedures, OP showed poorer perioperative safety than the other transurethral approaches, and was associated with higher rates of blood transfusions and even death (131, 132). Therefore, OP was less popular than the other minimally invasive surgeries. However, in recent years, prostatectomy with laparoscopy or robot-assisted surgery showed better safety and were also recommended by guidelines (2).

As an alternative to open enucleation, some studies reported that HoLEP has a lower risk of reoperation than TURP or PKRP (59, 133, 134), whereas another reported that there was no difference (135, 136). Indeed, our results suggest that the reoperation rates for HoLEP are similar to (and possibly slightly lower than) those for TURP or PKRP. Enucleation using another laser, ThuLEP has a rate of reoperation that is similar to (and possibly slightly higher than) that of HoLEP, which may be due to them being similar procedures. A recent interesting study from Italy reported that an improved ThuLEP technique successfully preserved the ejaculation function in most patients (137), which suggested its potential in decreasing the reoperation rates.

For vaporization, PVP has been used in clinical settings for many years and there are many related studies that have shown it has a similar efficacy to TURP (2, 3). A previous meta-analysis published by Zhou and colleagues reported that the reoperation rate after PVP was higher than that after TURP (138). However, there were only three related trials included in Zhou’s study, and the follow-up durations of these trials were different (138). Our current summarized results, which included 53 trials, reported that the reoperation rates are similar between PVP and TURP. The difference between the results of these two meta-analyses may be due to the number of articles included.

AquaBeam has come under investigation in recent years and two related trails, WATER and WATER II, reported the reoperation rate associated with it (50, 117, 118). However, there are few studies on this technique and a lack of long-term follow-up data. Although the rate of surgical retreatment appeared to be better than other procedures in our current review, whether or not AquaBeam could be an alternative to traditional procedures still needs a lot of studies and long-term follow-up to be carried out. Previous studies indicate that PAE, another surgical procedure that remains under investigation, has a higher risk of surgical retreatment than that shown in our results (9). Due to the variability of blood supply to the human prostate, non-target embolization may occur, and secondary surgical retreatment is required (139). In addition, it takes time for the prostate to shrink after vessel embolization, and PV will also stop decreasing and begin to increase after a period of time (140). Therefore, both complications and insufficient treatment response may result in a higher risk of reoperation. Overall, the efficacy and reliability of PAE remain undetermined, and further investigations and improvements are still needed. TUMT, one of the earliest technologies used for the treatment of BPH/LUTSs, has been used and studied less in recent years, due to its higher risk of retreatment and the emergence of newer, minimally invasive technologies (2, 8). Our current results confirmed that it has a higher rate of surgical retreatment. In fact, TUMT was not recommended by the latest version of the EAU guidelines, whereas the AUA guidelines still suggest that this is a reasonable approach. However, considering its higher reoperation rate and the newer, minimally invasive technologies, TUMT will likely be displaced within the next several years (2, 141).

There are some limitations or shortcomings in our current analysis and review which must be acknowledged. First, RoB was in some of the studies included through assessment. Second, our review focused only on the reoperation rates at follow-up periods of 1, 2, 3, and 5 years. However, the follow-up duration was different among studies; examples of follow-up periods were 6 months, 4 years, long term (> 5 years), and some did not last for a ‘regular’ (i.e., a multiple of a year, half a year, or 1 year) length of time. Therefore, our results are limited by the lack of data obtained during these follow-up durations. Third, 10 surgical procedures were included in our current review, of which the indication that recommended by guidelines are different. The baseline characteristics and therapeutic outcomes of patients may also have varied. Meanwhile, the great difference between data retrieved across techniques may also have led to bias. Fourth, the risk of misestimating the reoperation rate must be noted since patients lost to follow-up are common in studies. Finally, the reoperation rates of other surgical approaches excluded in our review while recommended by guidelines were also obtained during the literature search. However, as their surgical methods were outdated, less commonly used, or they were associated with a smaller number of studies, we excluded them from our current review.

In future, studies of higher quality and longer follow-up durations should be included. With the development of surgical approaches and techniques, the reoperation rate data should also be updated every few years. Meanwhile, the reoperation rate should be further refined based on its cause, and studies exploring the reason for reoperation are needed. In addition to the reoperation rate, the cost of surgical management across procedures varies, and sometimes there are even huge differences, which also affects what procedures are available for patients to choose from (142, 143). For example, a recent study reported that robotic-assisted simple prostatectomy (RASP) showed comparable efficacy and safety with a shorter hospitalization than laparoscopic simple prostatectomy (LSP) (144). However, considering the cost and unavailability of robot-assisted surgery, LSP is also a better alternative (144). Therefore, studies that evaluate the cost-effectiveness of these surgical approaches are also needed. Overall, these further investigations may lead to a reduction in the reoperation rate or prevent some common reoperation cases, which may give more information for clinical practitioners, better improve patient quality of life, and reduce medical expenses for patients.





Conclusions

Our results summarized the reoperation rates of 10 surgical procedures over follow-up durations of 1, 2, 3, and 5 years. There was a great difference in the reoperation rate among these procedures. The OP, AquaBeam, PKRP, and HoLEP procedures exhibited a lower reoperation rate, whereas the PAE and TUMT procedures exhibited a higher rate. These data could provide reference for urologists and BPH/LUTS patients.
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Background

Recent studies have presented the concept of the obesity paradox, suggesting that individuals with obesity have a lower risk of death than those without obesity. This paradox may arise because body mass index (BMI) alone is insufficient to understand body composition accurately. This study investigated the relationship between fat and muscle mass and the risk of mortality in individuals with overweight/obesity.





Methods

We used data from the National Health and Nutrition Examination Survey (NHANES) from 1999 to 2006 and 2011 to 2018, which were linked to mortality information obtained from the National Death Index. Multiple Cox regression analyses were performed to estimate mortality risk. Subgroup analysis was conducted using propensity score-matched (PSM) data for age, sex, and race/ethnicity.





Results

This study included 16,555 participants who were overweight/obese (BMI≥25 kg/m2). An increase in appendicular skeletal muscle mass index was associated with a lower mortality risk (hazard ratio [HR]: 0.856; 95% confidence interval [CI]: 0.802–0.915). This finding was consistent with the subgroup analysis of the PSM data. Contrastingly, a high fat mass index was associated with an increased risk of mortality. Sarcopenic overweight/obesity was significantly associated with high mortality compared to obesity without sarcopenia (HR: 1.612, 95%CI: 1.328–1.957). This elevated risk was significant in both age- and sex-based subgroups. This finding was consistent with the subgroup analysis using PSM data.





Conclusion

In contrast to the obesity paradox, a simple increase in BMI does not protect against mortality. Instead, low body fat and high muscle mass reduce mortality risk.





Keywords: sarcopenia, obesity, muscle, obesity paradox, mortality





Introduction

In 2016, the World Health Organization reported that 13% of the global population was obese and that the obesity rate has increased threefold over the past 30 years (1). Obesity is associated with various diseases, including cardiovascular disease (CVD), diabetes, cerebral infarction, and cancer, and is responsible for approximately 4.8% of deaths worldwide (2–6). Although it is important to diagnose obesity accurately, recent studies have indicated an obesity paradox, which states that obese individuals may have a lower mortality risk than those with normal weight (a finding in two representative studies). A review of 40 cohort studies found that individuals with body mass indices (BMIs) <20 kg/m2 had a higher risk of total and cardiovascular mortality, whereas individuals who were overweight (BMI: 25–29.9 kg/m2) had a lower risk of mortality than those with a normal BMI (7). Furthermore, individuals who were overweight (BMI: 25–30 kg/m2) or obese (BMI: 30–35 kg/m2) and had hypertension and coronary artery disease had a lower risk of all-cause mortality than those with a normal weight (BMI: 20–25 kg/m2) (8). This paradox may be attributed to the use of BMI, which does not accurately measure body composition, to define obesity. To obtain precise measurements of body composition, including body fat and muscle mass, imaging tests such as computed tomography (CT), magnetic resonance imaging, dual-energy X-ray absorptiometry, and positron emission tomography/CT are required. However, these tests are expensive and not readily accessible. Therefore, BMI is commonly used to assess the severity of obesity. Nevertheless, BMI has limitations as it cannot accurately differentiate between fat, mineral, and muscle masses and has restrictions in measuring body fat (9–16). Consequently, BMI alone may not be sufficient for predicting the risk of CVD, diabetes, cerebral infarction, cancer, and mortality (17–19).

Although obesity is commonly believed to protect against sarcopenia by preserving muscle mass, it can impair muscle function and lead to functional limitations (20, 21). Moreover, sarcopenia can occur in individuals with obesity, resulting in sarcopenic obesity, in which individuals may have a high BMI but poor lean body mass, leading to increased disability, immobility, and metabolic dysfunction (22, 23). Due to its negative impact on quality of life, physical function, and mortality, the prevalence of sarcopenic obesity is concerning (24, 25). Therefore, clinicians and researchers need to recognize and address sarcopenic obesity as a distinct clinical entity to improve health outcomes and enhance the quality of life.

This study aimed to use data from the National Health and Nutrition Examination Survey (NHANES) to determine the prevalence of sarcopenic obesity and investigate the relationship between fat and muscle mass, particularly in relation to sarcopenic obesity and the risk of mortality.





Method and materials




Study population

The NHANES is a research program designed to assess the health and nutritional status of adults and children in the United States (26). This longitudinal study used baseline data from four NHANES cycles from 1999 to 2006 and 2011 to 2018, linked to mortality data from the National Death Index (27).





Measurements

The average of three blood pressure (BP) measurements, taken after at least 5 minutes in a seated position, was used as data. Fasting blood glucose and cholesterol levels were measured by enzymatic methods. The NHANES Laboratory Procedure Manual provides additional information on sample collection and testing methods (28). Whole-body DEXA was performed using a Hologic QDR 4500 A fan-beam X-ray bone densitometer (Hologic Inc., Marlborough, MA, USA). DEXA was also used to assess total and regional body composition.





Definition of obesity/overweight, underlying diseases, and sarcopenia

Obesity/overweight was defined as a BMI ≥25 kg/m2. Participants were considered to have hypertension if they had systolic BP >140 mmHg, mean diastolic BP >90 mmHg, or were receiving treatment for hypertension. Diabetes mellitus was defined as a fasting blood glucose level >126 mg/dL, random blood glucose level >200 mg/dL, HbA1c level >6.5%, or treatment for diabetes. Patients with a fasting total cholesterol level of 240 mg/dL or receiving treatment for dyslipidemia were considered to have dyslipidemia. Cancer history was assessed using structured questionnaires as follows: “Have you ever been told by a doctor or other health professional that you have cancer or a malignancy?” Patients with one or more of the following conditions were considered to have a history of CVD: angina pectoris, myocardial infarction, coronary heart disease, congestive heart failure, and cerebrovascular disease. Appendicular skeletal mass was defined as the sum of the total lean mass, excluding the bone mineral content of all extremities. The appendicular skeletal mass index (ASMI) was defined as the value obtained by dividing the appendicular skeletal mass by the square of the height (m) (29). We defined low muscle mass as ASMI <7 kg/m2 in men and <5.5 kg/m2 in women, according to the European Working Group on Sarcopenia in Older People 2 (EWGSOP2) (30). Sarcopenic obesity/overweight was defined as a BMI ≥25 kg/m2 with a low muscle mass. We also defined high fat mass as a fat mass index (FMI) ≥ 8.3 kg/m2 in men and ≥ 11.8 kg/m2 in women based on the study of Gonzalez et al. (31).





Study outcomes

We collected publicly available mortality data from the National Center for Health Statistics based on probabilistic matching of the NHANES and National Death Index death certificate records through December 31, 2019. The data included all-cause mortality and follow-up duration through the month (27).





Ethics statement

All the NHANES protocols conducted in the United States were authorized by the Research Ethics Review Board of the National Center for Health Statistics, U.S. Centers for Disease Control and Prevention (Protocol Number: 1999–2004, Protocol #98–12; 2005–2010, Protocol #2005–06; 2011–2016, Protocol #2011–17) and conducted in accordance with the principles of the Declaration of Helsinki. All participants provided informed consent prior to the study.





Statistical analysis

Continuous and categorical variables of demographic characteristics, underlying diseases, anthropometric indices, and blood test results are presented as means, standard deviations, and frequencies (%), respectively. Independent t-tests and Pearson’s chi-square tests were used to compare results. Correlations between BMI, ASMI, and FMI were examined using Pearson’s correlation coefficient. Multiple Cox regression analyses were performed to assess the hazard ratios (HR) of all-cause mortality after adjusting for age, sex, race, smoking status, alcohol consumption, hypertension, diabetes, hyperlipidemia, and previous CVD events. The time from the first anthropometric and clinical measurements to death or the last follow-up (December 31, 2019) was included in the calculation. In addition, we performed a subgroup analysis of the propensity score matching (PSM) data (1:4 matching), considering the heterogeneity of the demographic characteristics and underlying diseases of sarcopenia. The graphical association between HR for each obesity parameter and mortality was assessed using four-knot-restricted cubic spline plots. Statistical analyses were performed using the IBM Statistical Package for the Social Sciences Statistics version 24.0 (IBM Corporation, Armonk, NY, USA) and R version 4.2.2 (R Foundation for Statistical Computing, Vienna, Austria; www.r-project.org). Statistical significance was set at p < 0.05.






Results




Baseline characteristics

In this study, 80,630 participants were initially identified from the 1999–2006 and 2011–2018 NHANES datasets (Figure 1). After excluding 34,295 participants with missing mortality data, 23,693 with insufficient data, and 6,107 with BMIs <25 kg/m2, the final analysis included 16,555 participants. Table 1 shows the baseline characteristics of the participants with obesity or overweight according to their sarcopenia status. The sarcopenia group (n=291) was older (61.7 ± 16.51 years), had a lower proportion of men (43.0%), and exhibited significant differences in race/ethnicity distribution compared to the group without sarcopenia (n=16,264). There were no significant differences in the triglyceride levels between the groups. The prevalence of smoking, cancer history, and systolic BP was higher, whereas the proportion of drinkers, BMI, and diastolic BP was lower in the sarcopenia group. Patients in the sarcopenia group had higher fasting glucose, HbA1c, total cholesterol, and high-density lipoprotein (HDL) cholesterol levels. In addition, the sarcopenia group had a higher prevalence of previous CVD, diabetes mellitus, hypertension, and dyslipidemia. The proportion of all-cause deaths was higher in the sarcopenia group. Finally, ASMI was lower in the sarcopenia group, whereas FMI was not significantly different between the two groups. BMI was positively correlated with ASMI (Pearson correlation coefficient: 0.524, p<0.001) and FMI (Pearson correlation coefficient: 0.831, p<0.001).




Figure 1 | Flowchart for final selection. NHANES, National Health and Nutrition Examination Survey.




Table 1 | Characteristics of whole and propensity score-matched participants with obesity/overweight according to sarcopenia.



We also performed 1:4 PSM to minimize the impact of confounding variables in the data analysis. The factors accounted for in the PSM included diabetes mellitus, hypertension, dyslipidemia, previous CVD events, and ASMI or FMI, and they were matched for age, sex, ethnicity/race, smoking status, and alcohol consumption. Table 1 shows the baseline characteristics of propensity score-matched (PSM) participants with obesity or overweight status according to their sarcopenia status. There were no differences between the groups in age, sex, race, or medical history, except for CVD. The prevalence of CVD and HDL cholesterol was higher in the sarcopenia group, whereas BMI, ASMI, and FMI were lower in the sarcopenia group.





Association between body composition indices and mortality in participants with obesity/overweight

According to the results of the multiple Cox regression analyses, an increase in ASMI was significantly associated with a reduced risk of mortality (HR: 0.856, 95% confidence interval [CI]: 0.802–0.915, p=0.001; Table 2). This negative association was observed in both age subgroups, i.e., those aged ≤ 65 years (HR: 0.836, 95% CI: 0.760–0.919, p<0.001) and > 65 years (HR: 0.875, 95% CI: 0.798–0.960, p=0.005; Table 2). When stratified by sex, the negative association remained significant in both men (HR: 0.826; 95% CI: 0.758–0.900; p<0.001) and women (HR: 0.897; 95% CI: 0.806–0.998; p=0.046; Table 2). When stratified by cause of death, ASMI was negatively associated with death from cancer (HR: 0.829; 95% CI: 0.726–0.947; p=0.006) and non-cancer causes (HR: 0.867; 95% CI: 0.803–0.935; p<0.001), but not with death from CVD/cerebrovascular accident (HR: 0.974; 95% CI: 0.867–0.973; p=0.659). We further analyzed the PSM dataset. This subgroup analysis confirmed a negative association between ASMI and all-cause mortality (HR: 0.899; 95% CI: 0.830–0.973; p=0.008; Table 2). In contrast, a higher FMI was significantly correlated with an increased risk of mortality. (HR: 1.045, 95% CI: 1.021–1.069, p<0.001; Table 2). This association was consistent in participants aged ≤ 65 years (HR: 1.064; 95% CI: 1.029–1.099; p<0.001) and > 65 years (HR: 1.033; 95% CI: 1.001–1.066; p=0.046; Table 2). Among men, a higher FMI significantly increased the risk of mortality (HR: 1.079; 95% CI: 1.043–1.116; p<0.001). However, this association was not significant in women (HR: 1.017, 95% CI: 0.984–1.051, p=0.325; Table 2). In contrast to ASMI, when stratified by cause of death, FMI was positively associated with cancer (HR: 1.057; 95% CI: 1.009–1.107; p=0.019) and non-cancer mortality (HR: 1.041; 95% CI: 1.014–1.069; p=0.003), but not CVD/cerebrovascular accident (HR: 1.027; 95% CI: 0.986–1.069; p=0.204). In the PSM dataset, contrary to the total dataset, FMI and mortality were negatively correlated (HR: 0.955; 95% CI: 0.925–0.985; p=0.004). In the restricted cubic spline regression plot, the ASMI showed a negative association with the HR for mortality. Conversely, the HR for mortality continuously increased with FMI (Figure 2).


Table 2 | The risk of mortality according to the body composition indices in participants with obesity/overweight.






Figure 2 | The hazard ratio for mortality according to ASMI and FMI. ASMI, appendicular skeletal mass index; FMI, fat mass index. Adjusted for age, sex, ethnicity/race, smoking status, alcohol consumption, history of cancer at baseline, diabetes mellitus, hypertension, dyslipidemia, previous CVD events, and ASMI or FMI.







The risk of mortality in sarcopenic obesity/overweight

Kaplan–Meier survival curves showed a relationship between ASMI, FMI, and mortality, with the highest mortality rates in the low ASMI and high FMI groups (log-rank test, p<0.001) (Figure 3).




Figure 3 | Kaplan–Meier plot of cumulative mortality by ASMI and FMI in participants with obesity.



Table 3 presents the HR for mortality among individuals with sarcopenic obesity/overweight compared with those with obesity/overweight but sufficient ASMI, as determined by multiple Cox regression analyses. Sarcopenic obesity/overweight status was significantly associated with a higher risk of death. When analyzed by age subgroups, it was significantly associated with a higher risk of death in those ≤ 65 years of age (HR: 2.707; 95% CI: 1.813–4.043; p<0.001), but no significant association was found in those > 65 years of age (HR: 1.174; 95% CI: 0.982–1.404; p=0.079; Table 3). In the sex subgroups, the elevated risk was significant for both men and women (Table 3). In the subgroup analyses by cause of death, sarcopenic obesity/overweight was associated with an increased risk of cancer (HR: 1.541; 95% CI: 1.028–2.309; p=0.036) and non-cancer mortality (HR: 1.629; 95% CI: 1.306–2.031; p<0.001) but not CVD/cerebrovascular accident (HR: 1.367; 95% CI: 0.955–1.956; p=0.088; Table 3). In the analysis of PSM data, the risk of death in those with sarcopenic obesity/overweight was also significantly higher (HR: 1.481; 95% CI: 1.203–1.823; p<0.001; Table 3).


Table 3 | The hazard ratios for death in sarcopenic obesity/overweight compared to obesity/overweight with sufficient ASMI.







The sensitivity analysis of the Cox proportional hazards model by time of death

Tables 4 and 5 show the risk of all-cause mortality according to body composition indices and sarcopenic obesity/overweight status, respectively, considering the time of death. As shown in Table 4, ASMI and FMI were positively and negatively associated with the risk of all-cause mortality, respectively, independent of the time of death. However, when participants who died within the first 1, 2, and 3 years were excluded, the risk of all-cause mortality for sarcopenic obesity/overweight did not show a significant increase (Table 5).


Table 4 | Sensitivity analysis of the Cox proportional hazards model for all-cause mortality by time of death and body composition indices in participants with obesity/overweight.




Table 5 | Sensitivity analysis of the Cox proportional hazards model for all-cause mortality by time to death and sarcopenia status in obese/overweight participants.








Discussion

When food is consumed, it is converted into energy and used by the body; excess energy is converted into glycogen and triglycerides, which are stored in the body. Obesity develops when there is an imbalance between energy intake and expenditure. The risk factors for overweight/obesity include insufficient exercise, unhealthy eating habits, a lack of sufficient high-quality sleep, stress, diseases, genetics, and medications. Obesity is associated with diseases such as diabetes mellitus, CVD, stroke, hypertension, pulmonary disease, cancer, and NAFLD (non-alcoholic fatty liver disease) (32). Obesity is also associated with increased mortality (33). However, CVD-associated mortality decreases in the presence of obesity, a phenomenon known as the obesity paradox (34).

Sarcopenia is characterized by decreased muscle function and muscle mass (35). Muscle mass decreases by 3–8% every ten years after the age of 30 years, and this rate increases after 60 years of age (36). Sarcopenia has a prevalence of 6–15% in people aged > 65 years (37). The main causes of sarcopenia include reduced nutritional intake and activity, comorbidities, and drug use. Sarcopenia must be distinguished from malnutrition, cachexia, and senility before treatment. It is diagnosed based on reduced muscle strength, quantity, quality, and physical performance (30). Sarcopenia is associated with increased hospitalization duration, number of hospitalizations, and mortality (38).

This large-scale study aimed to determine the association between ASMI and FMI on mortality in participants with obesity. The HR for mortality increased as ASMI increased, which is consistent with previous studies suggesting that sarcopenia is associated with increased mortality (39, 40). In addition, the mortality risk increased proportionally with FMI, contrary to previous studies that found that being overweight was associated with decreased mortality (33, 41). However, this result is consistent with those of previous studies investigating the association between FMI, but not BMI, and mortality (42, 43). Furthermore, sarcopenia increases mortality risk in participants with obesity, reaffirming the importance of sarcopenia in this population (44). Therefore, it is reasonable to assume that high muscle mass and low fat mass rather than high BMI are associated with reduced mortality.

Since the term “sarcopenic obesity” was first used by Heber et al. in 1996, it has become increasingly important. The incidence of sarcopenic obesity has increased owing to an increase in the older population and the presence of obesity, and sarcopenia exacerbates the adverse effects of obesity (45). Sarcopenic obesity has several causes. Aging causes changes in the body’s composition. Fat mass increases with age, whereas muscle mass decreases after 40 years of age. The basal metabolic rate of older people is low because both the number and oxidative function of mitochondria in muscles are reduced. In addition, although the amount of thermogenic adipose tissue required for adaptive thermogenesis decreases (46), there is no significant change in the desire for food intake, which causes weight and fat gain. Hormones play a crucial role in muscle growth and strength. Testosterone, growth hormone, insulin, and thyroid hormones are associated with sarcopenia (47). Testosterone is a potent anabolic hormone that stimulates protein synthesis and inhibits protein degradation. Testosterone also increases the size of muscle fibers while inhibiting the differentiation of adipocyte progenitor cells. It also increases the levels of another anabolic hormone, insulin-like growth factor 1 (IGF-1), in the muscles. The growth hormone enhances protein turnover and muscle mass but does not increase muscle strength. Skeletal muscle is an important organ for insulin-induced glycemic control; thus, decreased muscle mass and quality lead to increased fat mass (48). Thyroid hormones are also involved in muscle growth and contraction (49). In older adults, the secretion of testosterone and growth hormones and the biological activity of thyroid hormones decrease, whereas insulin resistance increases, making them vulnerable to sarcopenic obesity (50). Adipose tissue inflammation is associated with sarcopenic obesity. Fat accumulation in the adipose tissue increases the release of free fatty acids and the production of leptin/monocyte chemoattractant protein 1 (MCP-1) and decreases adiponectin secretion. These adipokines recruit macrophages that undergo M1 polarization. Macrophages secrete tumor necrosis alpha (TNF-α), interleukin 6 (IL-6), and leptin, which are associated with the secretion of proinflammatory cytokines and decreased levels of IGF-1. Furthermore, TNF-α impedes mitochondrial biosynthesis and muscle development (51).

This study investigated the effect of obesity on mortality in a large sample and found that muscle and fat mass, but not BMI, were important for predicting mortality risk. ASMI was associated with a lower risk of mortality, independent of age and sex, while FMI was associated with a higher risk of mortality, independent of age, in men. Unexpectedly, in the PSM data, FMI was associated with a lower risk of mortality, which may reflect poor nutritional status in older patients with sarcopenia; however, further research is needed. In addition, when comparing participants with obesity and sarcopenia to participants with sarcopenia alone, the mortality rate was higher in the participants with obesity and sarcopenia. This effect was more significant in participants aged < 65 years. While other studies have investigated the effect of sarcopenia on mortality in older people (39, 40), this study revealed that sarcopenia was associated with increased mortality even in participants aged < 65 years. In the sensitivity analysis by time of death, when premature death was excluded, sarcopenic obesity/overweight was not associated with a significant increase in mortality, suggesting that sarcopenic obesity is associated with premature death. However, this study has several limitations. First, the effects of muscle strength or physical performance on mortality were not investigated. Secondly, the effects of sarcopenia management on mortality were not evaluated. Third, our study did not evaluate which type of fat (subcutaneous or visceral) influenced the mortality rate. Nevertheless, our study reaffirmed that sarcopenic obesity increases mortality rates.





Conclusions

These findings highlight the importance of maintaining muscle mass and managing fat mass to reduce mortality risk among people who are obese or overweight. In particular, this study provides evidence that the obesity paradox is incorrect by revealing that sarcopenia increases the mortality risk in individuals who are obese or overweight. Further investigations are warranted for the management of sarcopenic obesity/overweight.
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Objective

Recent evidence indicates that cervical paraspinal muscle degeneration (PMD) is a prevalent and age-related condition in patients with cervical disc degenerative disease (CDDD). However, the relationship between surgery selection and post-operative outcomes in this population remains unclear. Consequently, this study aims to investigate the disparities in clinical outcomes, radiological findings, and complications between two frequently utilized anterior cervical surgical procedures. The objective is to offer guidance for the management of PMD in conjunction with CDDD.





Methods

A total of 140 patients who underwent single-level anterior cervical discectomy and fusion (ACDF) at our department were included in this study. The patients were divided into three groups based on the severity of PMD: mild (n=40), moderate (n=54), and severe (n=46), as determined by Goutalier fat infiltration grade. The subjects of interest were those with moderate-severe PMD, and their clinical outcomes, radiological parameters, and complications were compared between those who received a stand-alone zero-profile anchored cage (PREVAIL) and those who received a plate-cage construct (PCC).





Results

The JOA, NDI, and VAS scores exhibited significant improvement at all postoperative intervals when compared to baseline, and there were no discernible differences in clinical outcomes between the two groups. While the PCC group demonstrated more pronounced enhancements and maintenance of several sagittal alignment parameters, such as the C2-7 angle, FSU angle, C2-7 SVA, and T1 slope, there were no statistically significant differences between the two groups. The incidence of dysphagia in the zero-profile group was 22.41% at one week, which subsequently decreased to 13.79% at three months and 3.45% at the final follow-up. In contrast, the plate cage group exhibited a higher incidence of dysphagia, with rates of 47.62% at one week, 33.33% at three months, and 11.90% at the final follow-up. Notably, there were significant differences in the incidence of dysphagia between the two groups within the first three months. However, the fusion rate, occurrence of implant subsidence, and adjacent segment degeneration (ASD) were comparable at the final follow-up.





Conclusion

For patients with one-level cervical disc degenerative disease combined with paraspinal muscle degeneration, both the zero-profile technique and PCC have demonstrated efficacy in ameliorating clinical symptoms and maintaining the postoperative sagittal balance. Although no significant disparities were observed between these two technologies in terms of complications such as adjacent segment degeneration and implant subsidence, the zero-profile technique exhibited superior performance over PCC in relation to dysphagia during the early stages of postoperative recovery. To validate these findings, studies with longer follow-up periods and evaluations of multilevel cervical muscles are warranted.
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Introduction

Cervical degenerative disc disease (CDDD) is a pathological condition characterized by the degeneration of intervertebral discs and subsequent degeneration of the adjacent intervertebral joints, resulting in detrimental effects on the surrounding essential tissues, including the spinal cord, nerve roots, sympathetic nerves, and vertebral arteries (1, 2). It typically presents as discomfort in the neck and shoulders, accompanied by stiffness, radiating sensations towards the head, pillow, or upper limbs. In more severe instances, it may lead to spasms in both lower limbs, hindered mobility, quadriplegia, and other related symptoms (3–5). According to a cohort study involving 47,560 patients, the incidence of CDDD is 13.1% (6), with a peak incidence in the fourth and fifth decades of life (7). Reportedly, total annual treatment costs for neck pain were estimated at $686 million in Netherlands and $800 million in China (8, 9).

In cases where conservative treatments prove ineffective, surgical intervention is advised for patients with CDDD. Since anterior cervical discectomy and fusion (ACDF) was first reported by Smith and Cloward in 1958, the procedure has gradually become one of the dominant surgical strategies in the treatment of single and double level CDDD (10), and previous literature revealed that ACDF indeed could provide favorable clinical outcomes and maintain the reconstruction of the cervical spine (11–13). It was reported that more than 100 000 patients receive this treatment in the US annually (3) and is projected to increase by more than 10% in the next 20 years (14). The ACDF with traditional plate-cage construct (PCC) with screws was the primary spinal surgical approach for addressing symptomatic cervical disc disease. This method offers several benefits, including the preservation or enhancement of cervical sagittal alignment and stability, improved fusion rates, decreased likelihood of graft extrusion, as well as reduced micromotion and subsidence of implanted cages (15–18). The placement of an anterior cervical plate in close proximity to the esophagus may lead to mechanical irritation and subsequent soft tissue swelling, ultimately resulting in secondary dysphagia (19–21). Consequently, the utilization of a novel stand-alone device featuring a zero-profile device has become prevalent in ACDF procedures as a means of mitigating plate-related complications. The zero-profile devices represent a viable substitute for traditional ACDF implants, as they have demonstrated efficacy in diminishing the incidence of adjacent segment degeneration, circumventing contact with the cervical spine’s anterior soft tissue, and potentially averting postoperative dysphagia (22). Nonetheless, scholars have discovered that patients who undergo ACDF with zero-profile device may encounter postoperative axial pain, loss of cervical curvature, and sagittal imbalance as a result of the absence of supplementary plate fixation (23).

The cervical paraspinal muscle (CPM) is a vital component of the dynamic spinal stabilization system, serving a critical function in preserving the stability and mobility of the neck (24). Through the recruitment of muscles and reflex responses of the nervous system, the neck muscles and tendons provide sufficient stability and regulate cervical motion. Recent research has revealed that degeneration of the CPM, in addition to bony structural alterations, is a significant contributor to persistent neck pain, sagittal imbalance, and the development of CDDD (25–27). Numerous patients with CDDD exhibit varying degrees of neck muscle degeneration, as evidenced by two abnormal indicators on MR images: a reduction in myofiber size (muscle atrophy) and an increase in fat deposition (fatty infiltration) (28). The co-occurrence of muscle atrophy and fatty infiltration is frequently observed due to the inclination of myosatellite cells to differentiate into adipocytes under pathological conditions (29). However, there is a paucity of research investigating the correlation between surgical selection and postoperative outcomes among patients afflicted with concurrent CDDD and CPM degeneration.

Given the limited availability of clinical data in this domain, a retrospective analysis was conducted to determine the more advantageous surgical approach for these patients. Specifically, the clinical and radiological outcomes of ACDF with zero-profile device versus ACDF with PCC system were compared. The findings of this study are anticipated to furnish valuable insights and practical recommendations for the management of CDDD patients with CPM degeneration in the foreseeable future.





Materials and methods




Study design

In our department, a retrospective review was conducted on patients who underwent single-level ACDF from C3 to C7 between January 2016 and May 2020. The decision to proceed with surgery was determined by a clinical presentation that was consistent with recent magnetic resonance imaging (MRI) findings of root or spinal cord compression. This study received approval from the Medical Ethics Committee of our hospital and all patients provided informed consent for the analysis of their clinical data.





Inclusion and exclusion criteria for patients

The study’s inclusion criteria encompassed patients who exhibited radiculopathy or myelopathy stemming from single-level cervical disc disease, with corresponding magnetic resonance imaging evidence and a lack of response to conservative treatment for a minimum of six weeks. Additionally, eligible patients were over 18 years of age and had undergone ACDF utilizing either the zero-profile device or PCC system from C3 to C7. Furthermore, patients were required to have comprehensive postoperative anteroposterior and lateral X-rays, as well as clinical data, and had agreed to participate in at least one year of follow-up. The present study employed specific exclusion criteria, which included the following: cervical disc replacement (CDR) or hybrid surgery (CDR with ACDF); ACDF utilizing alternative types of devices; multilevel surgery; local or systemic infection; severe osteoporosis (T score < -2.5); pathological vertebral fracture or spinal deformity; allergy to the device material; ankylosing spondylitis; rheumatoid arthritis; or prior cervical spine surgery.

All surgical procedures were performed by one senior spinal surgeon in our department using a standard, right Smith- Robinson approach after the induction of general anesthesia (30, 31). The selection of the zero-profile device or PCC device was based on the patient’s condition and willingness. The zero-profile device group received a stand-alone cervical fusion implant (PREVAIL Medtronic Sofamor Danek, Memphis, TN) filled with a composite synthetic bone graft for ACDF, while the PCC group underwent ACDF using the VENTURE™ anterior cervical plate system (Medtronic Sofamor Danek, Memphis, Tennessee, USA) with an allograft.





Clinical evaluation

The patients’ arm and neck pain were evaluated using the visual analogue scale (VAS), which measures pain on a scale of 0 to 10 points, with 0 representing the absence of pain and 10 representing the highest level of pain. The neck disability index (NDI) scores were used to evaluate the function of the neck. The NDI is a validated 10-item questionnaire, with each item rated on a 6-point scale (32). This study used the Chinese version of the NDI proposed by Wu et al. (33), which is specifically targeted at Chinese-speaking individuals with neck pain. It also uses a 6-point Likert scale that ranges from 0 (no disability) to 5 (complete disability) for each item. Disability ratings are assigned as follows: 0 to 4, no disability; 5 to 14, mild disability; 15 to 24, moderate disability; 25 to 34, severe disability; and above 34, complete disability. The Japanese orthopedic association (JOA) scores were used to assess the neurological status of patients with myelopathy, the myelopathy severity is considered mild if the JOA score is higher than 13, moderate if the JOA score ranges from 9 to 13, and severe if the JOA score is lower than 9 (34).





Radiological evaluation




Evaluation of CPM degeneration

The study employed lateral X-ray images, computed tomography (CT) and MRI images to conduct radiological analysis. Prior to the operation, qualitative and quantitative evaluations of CPM were performed on an axial T2 weight section obtained from MRI. The degree of muscle fat infiltration at the C5/6 level was chosen as a representative measure of the cervical muscle, consistent with established practice in prior research (24, 35). The Goutallier classification was employed to assess the degree of fatty infiltration in the CPM prior to ACDF surgery, as documented in previous studies (24, 35). The Goutallier grading system utilizes scores ranging from 0 to 4, with 0 indicating the absence of visible fat streaks in the multifidus, 1 indicating minimal fatty streaks, 2 indicating a greater proportion of muscle than fat, 3 indicating equal amounts of fat and muscle, and 4 indicating a greater proportion of fat than muscle (Table 1, Figure 1). The multifidus muscles on both the right and left sides were evaluated separately, and the average of the scores was used for the final classification. Furthermore, the medial fascia boundaries of multifidus, semispinalis cervicis, semispinalis capitis, and splenius capitis at the C5-6 level on both sides were manually delineated using ImageJ software (v2.1.4.7; National Institutes of Health, USA) and quantified as the cross-sectional area (CSA) of each muscle Figure 2.


Table 1 | The Goutallier fatty infiltration grade of paravertebral muscle degeneration.






Figure 1 | T2-weighted axial MRI section demonstrating fatty infiltration of muscle multifidus belly at C5/6. (A) Goutalier Grade 0 (white arrow), Goutalier Grade 1 (grey arrow); (B) Goutalier Grade 2. (C) Goutalier Grade 3. (D) Goutalier Grade 4.






Figure 2 | The cross-sectional area of multifdus (yellow), semispinalis cervicis (blue), semispinalis capitis (green), and splenius capitis (red) was measured on an axial T2 weighted image at the C5/6 level.







Measurement of cervical sagittal alignment

The present study recorded various parameters related to cervical spine, including cervical lordosis (CL), range of motion (ROM) of C2-C7, functional spinal unit angle (FSUA), sagittal vertical axis (C2-7 SVA), center of the sella turcica–C7 sagittal vertical axis (St-SVA), and T1 slope. The measurement techniques employed in this study were consistent with those described in previous literature (36, 37). Specifically, CL was determined by measuring the angle between the inferior margin of the C2 vertebrae and the inferior margin of the C7 vertebrae. The calculation of the FSU angle involved the utilization of the Cobb angle of the vertebrae adjacent to the intervertebral disc in question. The determination of the C2-C7 SVA was based on the measurement of the distance between the posterosuperior corner of C7 and the vertical line originating from the center of the C2 body. The center of the St-SVA was established as the distance between a plumb line originating from the center of the sellar turcica and the center of the C7 body. The T1 slope was defined as the angle formed between the T1 superior endplate and a horizontal line (Figure 3).




Figure 3 | Lateral cervical spine radiograph with an illustration of key cervical sagittal alignment measurements. FSUA indicates the functional spinal unit angle. C2-7 A represents the C2-C7 angle. C2-7 SVA indicates the sagittal vertical axis and St-SVA indicates the center of the sella turcica – C7 sagittal vertical axis.







Complications

The study documented postoperative complications, namely dysphagia, adjacent segment degeneration (ASD) and implant subsidence. Dysphagia was evaluated by using the Bazaz grading system and the scores of the Bazaz grading system were ranked as follows: 0-none, 1-mild, 2-moderate and 3-severe, representing no episodes of swallowing problems, rare episodes of dysphagia, occasional swallowing difficulties with specific foods and frequent swallowing difficulties with most foods, respectively. ASD was characterized by the emergence of new or enlarged ossification of the anterior longitudinal ligament, new or increased narrowing of the disc space by more than 30%, new or obvious enlarging osteophyte formation, and endplate sclerosis (38). Implant subsidence pertains to a reduction in the height of the functional spinal unit (FSU) by more than 2 mm (39).






Statistical analysis

The retrospective nature of the study predetermines the fixed sample size based on the available data. The statistical software SPSS version 22.0 (IBM Corp., Armonk, NY) was utilized for all analyses. Continuous variables were presented as the mean ± standard deviation, while categorical variables were presented as the rate and ratio index. The normality of the parameters was assessed through a Shapiro-Wilk test. To examine significant differences among the groups, one-way analysis of variance (ANOVA) and Kruskal–Wallis tests were conducted based on the distribution of variables. The Chi-squared test was employed for categorical variables. The preoperative and post-operative parameters were compared using either the paired t-test or the Wilcoxon signed-rank test. Statistical significance was determined by a p-value of less than 0.05.






Results




Patient demographic data

The study consisted of a total of 140 patients, with 80 patients (43 men and 37 women) in the zero-profile group and 60 patients (38 men and 22 women) in the PCC group. The average age of the zero-profile group was 51.54 ± 9.19 years, while the average age of the PCC group was 52.30 ± 10.96 years. Statistical analysis revealed no significant differences between the two groups in terms of age, sex, body mass index (BMI), bone mineral density (BMD), operated level, intraoperative time, intraoperative blood loss, median time of hospital stay, or follow-up period (Table 2).


Table 2 | Comparison of general information between the zero-profile and the PCC group.







Degrees of fatty infiltration and grouping method

Table 3 displays the categorization of all patients based on the Goutallier classification, with three distinct groups established. The fatty infiltration of the multifidus was graded as 0-1 Goutallier grade for group A, 1.5-2 Goutalier grade for group B, and 2.5-4 Goutallier grade for group C. The patient population for group A consisted of 40 individuals (23 male and 17 females; average age=45.06 ± 6.31years), while group B comprised 54 patients (31 male and 23 female; average age = 43.21 ± 7.53 years), and group C included 46 patients (24 male and 22 female; average age = 46.51 ± 7.6 years). The study revealed that in Group A, 22 patients (55.0%) underwent ACDF with a zero-profile implant, while 18 patients (45.0%) received ACDF with a PCC fixation. Similarly, in Group B, 31 patients (57.41%) underwent ACDF with a zero-profile implant, and 23 patients (42.59%) received ACDF with a PCC fixation. In Group C, 27 patients (57.41%) underwent ACDF with a zero-profile implant, while 19 patients (42.59%) received ACDF with a PCC fixation.


Table 3 | Comparison of baseline information between the three groups.







Mean CSA of the paraspinal muscles

The mean CSA of the multifidus muscle was found to be 227.13 ± 75.88 mm2 in group A, 222.69 ± 72.74 mm2 in group B, and 219.54 ± 71.87 mm2 in group C. Similarly, the CSA of the semispinalis cervicis muscle was 318.23 ± 93.51 mm2 in group A, 307.30 ± 97.27 mm2 in group B, and 302.72 ± 103.53 mm2 in group C. The CSA of the semispinalis capitis muscle was 361.15 ± 139.18 mm2 in group A, 349.13 ± 148.31 mm2 in group B, and 338.74 ± 111.55 mm2 in group C. Lastly, the CSA of the splenius capitis muscle was 416.58 ± 150.20 mm2 in group A, 402.41 ± 138.47 mm2 in group B, and 395.26 ± 145.58 mm2 in group C. No statistically significant differences were observed in the mean CSA of the paraspinal muscles across the three groups (Table 3).





Zero-profile versus PCC

To explore the most effective treatment strategy for patients with CDDD and severe CPM degeneration (Goutallier grade 1.5-2 and Goutallier grade 2.5-4), we conducted a comparative analysis of therapeutic efficacy, sagittal parameters, and complications between the zero-profile group and the PCC group.





Clinical outcomes

The preoperative clinical outcomes did not exhibit any significant differences between the two groups. However, all patients experienced a marked improvement in clinical symptoms following the operation. The mean JOA score increased in all groups, while the mean VAS score and NDI significantly decreased. Postoperative clinical outcomes did not demonstrate any significant differences between the zero-profile and PCC groups, as evidenced by Table 4.


Table 4 | Comparison of clinical outcomes after ACDF with a zero-profile implant and PCC in patients with severe muscle degeneration.







Radiological findings

Table 5 presents the imaging results, indicating that, with the exception of St-SVA at the final follow-up, the other sagittal alignment parameters were comparable across various time points Figure 4. Specifically, the St-SVA in the zero-profile group remained stable from 28.11 ± 7.17 mm pre-surgery to 26.45 ± 9.42 mm at the last follow-up, with a mean change value of -0.28 ± 6.65 mm. In contrast, the PCC group experienced a decrease in St-SVA from 27.86 ± 7.55 mm pre-surgery to 21.91 ± 8.61 mm at the last follow-up, with a mean change value of 2.09 ± 13.31 mm. Notably, there were significant differences between the groups in the St-SVA at the last follow-up (p=0.023).


Table 5 | Comparison of radiographic assessments after ACDF with a zero-profile implant and PCC in patients with severe muscle degeneration.






Figure 4 | Sagittal parameters were improved whether cervical paraspinal muscle degeneration patients underwent ACDF using a Zero-profile device or conventional plate cage construct.







Complications

Over the course of several months following surgery, the overall occurrence of dysphagia exhibited a gradual decline in both groups. Specifically, the zero-profile group demonstrated a dysphagia incidence of 22.41% at one week, which decreased to 13.79% at three months and 3.45% at the final follow-up. In contrast, the plate cage group exhibited a dysphagia incidence of 47.62% at one week, which decreased to 33.33% at three months and 11.90% at the final follow-up. Notably, there were statistically significant differences between the groups in terms of dysphagia incidence within the initial three months (Table 6).


Table 6 | Comparison of fusion rates and complications after ACDF with a zero-profile implant and PCC in patients with severe muscle degeneration.








Discussion

Despite the widespread prevalence of cervical muscle degeneration, it has not garnered commensurate attention relative to the lumbar spine (40–44). He et al. observed a degeneration rate of 69.1% in the paraspinal muscles (Goutallier Grade ≥1.5) among patients with two-level cervical disc degenerative disease (24). They also identified a significant positive correlation between severe paraspinal muscle degeneration and postoperative sagittal balance disorder. Similarly, Wang et al. found that 67.33% (68/101) of patients with single-level cervical disc degenerative disease and severe fatty infiltration of paravertebral muscles experienced improved cervical sagittal alignment, which was comparable to those with strong cervical extensor muscles (39). The findings of our investigation align with prior research indicating that paraspinal muscle fatty degeneration can reach a prevalence of 71.43%. As a result, it is crucial to consider which ACDF procedure would be most advantageous for this demographic. Nevertheless, there is a dearth of literature on surgical decision-making for this cohort in previous studies.

The present study reports on the incidence of dysphagia in two groups, namely the zero-profile group and Plate group. The incidence of dysphagia in the zero-profile group was found to be 22.41% and 47.62% at one week, 13.79% and 33.33% at three months, and 3.45% and 11.90% at the final follow-up, respectively. It is noteworthy that all cases of dysphagia were mild or moderate and showed a decreasing trend over time. However, the increasing use of zero-profile implant was found to be associated with a higher risk of kyphotic deformity and poor dynamic stability due to the lack of anterior support, as reported in previous studies (15, 45). Lee et al. conducted a comparative analysis of postoperative retention and motion stabilization following ACDF utilizing three distinct implants (46). Their findings suggested that patients requiring robust postoperative motion stabilization should receive a plate-cage construct rather than a Zero-profile implant. Our investigation found that a single-level ACDF procedure utilizing a zero-profile or plate cage construct, with varying degrees of multifidus fatty infiltration, did not impact sagittal balance. One possible explanation for why no differences were seen between groups is that anterior surgery results in less obstruction to the paraspinal muscle (47). ACDF has the advantage of preserving the posterior muscles and avoiding injuring the posterior structures, such as the posterior ligaments, compared with posterior surgery. In the previous literature, most of the results that paravertebral muscle fat infiltration has an effect on cervical curvature and sagittal position parameters mainly focus on posterior cervical surgery. Preserving of the posterior structures in turn has an enormous impact on the mechanical stability of the cervical spine (48, 49). Our other hypothesis is that although cross-sectional area and degree of fat infiltration are now commonly used to evaluate paravertebral muscle degeneration, whether these indicators fully reflect paravertebral muscle function remains to be verified. Therefore, the indicators that can reflect the paravertebral muscle function should be explored in the future studies. However, the parameters of the final follow-up indicated that the sagittal vertical axis (St-SVA) was worse. Our hypothesis posits that a novel sagittal balance is established following single-level anterior cervical discectomy and fusion, thereby preserving the optimal horizontal plane of the preoptic system and maintaining the head axis. The degeneration of a solitary muscle within a singular segment may not be adequate to disrupt and exacerbate the state of equilibrium. Therefore, a comprehensive and extensive study of multiple-level ACDF procedures involving multiple cervical muscles, with long-term follow-up, is imperative. Furthermore, notable advancements have been achieved in the advancement of finite element (FE) models pertaining to cervical spine in recent decades. Consequently, employing the FE model of ACDF surgery to investigate the impact of cervical paravertebral muscle degeneration on postoperative biomechanical characteristics and sagittal balance emerges as one of the crucial and efficacious avenues for future scholarly inquiry (50).

According to estimations, cervical paraspinal muscles maintain approximately 80% of the mechanical stability of the cervical spine (51), which is essential for holding posture and stabilizing the head. The cervical paraspinal muscle is categorized into superficial, intermediate, and deep layers, forming a crucial dynamic equilibrium system of the cervical spine (52). The superficial layer of cervical paraspinal muscles comprises the trapezius, rhomboid, and levator scapulae muscles, while the intermediate layer primarily consists of the head clamp muscle, neck clamp muscle, and longest neck muscle, the deep layer primarily comprises the semi-spinous muscle and neck multifidus muscle. The flexion of the neck is primarily regulated by muscles such as the scalene muscle, longissimus capitis, and longissimus cervicalis, while extension is mainly controlled by the multifidus muscle, longissimus capitis, and suboccipital muscle. Lateral flexion is primarily governed by the head clamp muscle, neck clamp muscle, sternocleidomastoid muscle, and scalene muscle. Additionally, the lateral rotation of the neck is predominantly controlled by the sternocleidomastoid muscle, multifidus muscle, erector spine muscle, and head and neck clamp muscle (53–56).

The comprehensive examination and investigation of the molecular mechanism governing adipogenesis in muscle cells will enhance our comprehension of the interconversion between muscle and adipose tissues, the metabolic roles of muscle tissues, and the etiology of muscular disorders. Despite an incomplete understanding of the molecular mechanism underlying the muscle-adipose conversion, recent advancements have provided us with fresh perspectives on adipogenesis in muscle cells. To the best of our understanding, the development of muscle, bone, and adipose tissues encompasses a complex series of steps, beginning with the specification of a shared progenitor mesodermal cell towards a particular differentiation pathway, and subsequently leading to the manifestation of diverse terminal differentiation phenotypes (57). In vitro investigations have confirmed the pluripotent capacity of muscle-derived stem cells or precursor cells to differentiate in multiple directions (58, 59). To the best of our understanding, the development of muscle, bone, and adipose tissues encompasses a complex series of steps, beginning with the specification of a shared progenitor mesodermal cell towards a particular differentiation pathway, and subsequently leading to the manifestation of diverse terminal differentiation phenotypes (60). In vitro investigations have confirmed the pluripotent capacity of muscle-derived stem cells or precursor cells to differentiate in multiple directions. The multi-directional differentiation potential of muscle-derived stem cells or precursor cells has been demonstrated in in vitro studies (61). Additionally, lineage-tracing experiments have revealed that brown adipocytes, skeletal muscle cells, and dorsal dermal cells all originate from the same multi-potential progenitor cells derived from the central dermomyotome (62). Myoblasts have the potential to transdifferentiate into adipocytes or adipocyte-like cells under specific induction conditions (i.e., drug stimulation, cytokine treatment). Our findings also suggest that adipogenesis in muscle cells is prevalent among patients with cervical disc degenerative disease. Previous studies have reported the involvement of coding genes and non-coding genes, particularly miRNAs, in regulating the adipogenic transdifferentiation of myocytes (63). For example, miR-199a has been shown to regulate the transdifferentiation of C2C12 myoblasts by targeting the FATP1 gene (64). Moreover, the elimination of the interaction between slincRAD and the DNMT1 gene is anticipated to lead to impaired epigenetic regulation, thereby compromising the process of adipogenesis (65). Additionally, Qi et al. have documented that the lncRNA-GM43652 gene exhibits potential as a regulator of adipogenesis in muscle cells (66). However, this current level of understanding is insufficient to fully elucidate the regulatory functions of coding and non-coding genes in the process of transformation. Therefore, additional research is necessary to investigate the complex mechanisms involved in adipogenesis in muscle cells and to evaluate its association with prognostic outcomes in individuals suffering from cervical disc degenerative disease.

The current investigation is subject to certain limitations. Firstly, given that the study is retrospective, selection bias was unavoidable. Another limitation is the relatively small number of patients. Although we selected patients from January 2016 and May 2020, we limited the sample to only operations performed by the same doctor. Therefore, multicenter prospective design studies with a larger sample size are needed to verify our results. Secondly, the degree of muscle fat infiltration at the C5/6 level was exclusively chosen as a surrogate for the entirety of cervical muscle. While this approach has been employed in prior research (24, 35), it may not accurately reflect the actual mass of cervical muscles. Besides, although we measured muscle fat infiltration based on previously published reports, we acknowledge that potentially inherent radiographic imaging error might be a significant limitation. Another limitation of our study was the exact mechanism of the paraspinal muscle degeneration was did not explored. Additionally, the duration of the follow-up period was brief. Nonetheless, given that clinical outcomes, radiological parameters, and fusion rates stabilized and complications such as dysphagia and subsidence manifested within 12 months, the timeframe was deemed adequate for assessing short-term outcomes. However, a more extensive duration of follow-up would be required to examine the degeneration of adjacent segments and assess the long-term results.





Conclusion

For patients with one-level cervical disc degenerative disease combined with paraspinal muscle degeneration, both the zero-profile technique and PCC have demonstrated efficacy in ameliorating clinical symptoms and maintaining the postoperative sagittal balance. Although no significant disparities were observed between these two technologies in terms of complications such as adjacent segment degeneration and implant subsidence, the zero-profile technique exhibited superior performance over PCC in relation to dysphagia during the early stages of postoperative recovery. To validate these findings, studies with longer follow-up periods and evaluations of multilevel cervical muscles are warranted.
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Background

Increasing observational studies have indicated that hormonal reproductive factors were associated with ovarian cyst, a common gynecological disease. A two-sample Mendelian randomization (MR) was carried out by investigating the causality of reproductive factors including age at first birth (AFB), age at natural menopause (ANM), and age at menarche (AAM), and the risk of ovarian cyst (OC).





Method

Summary statistics were collected from a large genome-wide association study (GWAS), and we used a two-sample MR study to clarify the causal association between the exposure of AFB (N = 542,901), ANM (N = 69,360), and AAM (N = 29,346) and the outcome of the OC (Ncase = 20,750, Ncontrol = 107,564). We separately selected 51, 35, and 6 single-nucleotide polymorphisms (SNPs) as instrumental variables (IVs) for assaying the influence of AFB, ANM, and AAM on OC, respectively. Then, the causal relationship was tested through multiple approaches including an inverse-variance weighted method, an MR-Egger regression, and a weighted median method. In addition, the MR-PRESSO method was also used to verify the horizontal pleiotropy. Subsequently, we adjust the confounders for MR design.





Results

The MR analysis results showed that AFB was negatively associated with the OC (IVW Beta: −0.09, OR: 0.91, 95% CI: 0.86–0.96, p = 0.00185), and the greater AAM decreased the risk of OC (IVW Beta: −0.10, OR: 0.91, 95% CI: 0.82–0.99, p = 0.0376). However, ANM has a positive correlation with the OC (IVW Beta: 0.05, OR: 1.05, 95% CI: 1.03–1.08, p = 8.38 × 10−6). After adjusting BMI, alcohol intake frequency, and ever smoked, we also obtained a negative relationship between AFB and OC (p < 0.005). Meanwhile, we adjusted weight, alcohol intake frequency, and height, and then found a causal relationship between older AMN and an increased risk of OC (p < 0.005).





Conclusion

A causal effect of reproductive factors on the development of OC, affected by AFB, ANM, and AAM, was found convincingly. After adjusting the confounders, we also successfully found the substantial causal effect of younger AFB, younger AAM, and older ANM on an increased risk of OC.
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1 Introduction

Ovarian cysts (OCs) showed a high incidence of 21.2% among healthy postmenopausal women in Europe, which affect approximately 7% of women at some point around the world (1). As a result of ovulation, a fluid-filled sac known as an OC can form on one or both ovaries. It is not common to find adnexal masses or OCs in women, and approximately 20% of women developed at least one pelvic mass in their lifetime (2). The sample OC could be found by ultrasound, and the sample OC was fairly common and appear stable in a majority of postmenopausal women with no intervention measure (1). Nevertheless, multiple complications such as blood loss, cyst rupture, and pelvic pain could occur during the development of OC (2). In early studies, researchers found that a greater age at first birth (AFB) was the main risk factor associated with serous or mucinous OCs (3). Observational research identified the association between hormonal reproductive factors (such as AFB) and OC (4). Therefore, it will be of great use to test the causal effect between hormonal reproductive factors and OC.

AFB poses a substantial impact on health and evolutionary fitness. Pregnancy is an important factor that affected the future health status of women. Significant alterations in endocrine hormone profiles, endocrine gland morphology on imaging, and serum and urine electrolytes may occur due to the physiological changes in pregnancy (5). During pregnancy, estradiol levels, levels of progesterone and 17-hydroxyprogesterone, and testosterone levels progressively rise, while follicle-stimulating hormone and luteinizing hormone (LH) levels are low (5). Therefore, the changes in hormone level may affect the formation of OC. In addition, several studies have investigated the reproductive factors of AFB and the risk of disease. For example, Luo’s group found that older AFB is associated with an increased risk of pancreatic cancer in women through a meta-analysis (6). Yang’s group analyzed NHANES data, providing evidence that women with younger AFB have higher odds of non-alcoholic fatty liver disease in later life (7). Li’s group carried out a meta-analysis to evaluate the melanoma risk correlated with AFB (8). However, researchers hardly focused on the AFB and the risk of OC.

Age at natural menopause (ANM) has implications for women’s quality of life and health. Menopause causes changes in hormone levels, leading to some impact on women's lives. Specifically, with the decreasing estrogen, women have a higher risk of suffering from some illness such as osteoporosis. On the basis of the related research, during menopause transition, some sex hormones showed large fluctuations, such as sex hormone-binding globulin (SHBG) and bio-available testosterone, which may also be involved in menopause-related diseases (9). Later ANM was associated with higher bone mineral density, a longer life expectancy and lower risk of fracture, cardiovascular disease (CVD), all-cause mortality, and cardiovascular death, yet with greater breast and ovarian cancer risk (10). The increasing evidence supporting age at menopause onset as a marker of overall health calls for worldwide attention. Michael’s cohort study included 144,260 postmenopausal women and found that menopause (before age 40 years) increased the risk for cardiovascular diseases (11). A Mendelian randomization (MR) also found the causal effect relationship between ANM and the risk of breast cancer (12). However, the real relationship between ANM and OC remains unclear.

Here, we conducted an MR to provide a reliable estimation between the reproductive factors (AFB, ANM, and AAM) and an outcome of OC. An MR study applied single-nucleotide polymorphisms (SNPs) as instrumental variables (IVs), which were from the genome-wide association study (GWAS) (13, 14). IV–exposure associations were extracted from the largest GWAS(s) accomplished in AFB (N = 542,901), AMN (N = 69,360), and AAM (N = 29,346) (15, 16), and the data source is shown in Supplementary Table S1. IV–outcome associations were extracted from a large GWAS accomplished in OC (NOC = 20,750, Ncontrol = 107,564).




2 Methods



2.1 Study design

We carried out the two-sample MR analysis with the flow-process diagrams shown in Figure 1. To clarify the MR analysis, we should follow three important assumptions (13). Assumption 1 states that the IVs of SNPs should be strongly related to exposure (p < 5 × 10−8). Assumption 2 required the IVs to be irrelevant to any confounders and we should remove the SNPs associated with the outcome. Next, the IVs have an impact on the outcome only through the exposure in Assumption 3. Additionally, all SNPs possessed the F-statistic larger than 10 to confirm a robust IV. We decreased the population stratification by including only European ancestry.




Figure 1 | The framework of the two-sample Mendelian randomization study between age at first birth, age at menopause, age at menarche, and ovarian cyst.






2.2 Equation data sources



2.2.1 GWAS summary statistics of AFB and ANM

The genetic architecture of AFB has been collected by a GWAS of 542,901 individuals (n = 124,088 male individuals; n = 418,758 female individuals) from 36 studies; the age of AFB individuals ranged from those born before 1941 (0.60) to those born after 1960 (0.31). In addition, the GWAS was restricted to individuals of European ancestry who passed quality control, and the researcher found that polycystic ovarian syndrome may cause AFB later, which is associated with infertility (15). Individuals were eligible for inclusion in analyses if they met the following conditions: (a) have given birth to a child (parous), (b) all relevant covariates (year of birth) were available for the individual, (c) were successful genotypes genome-wide (recommended >95%), (d) passed the cohort-specific standard quality controls, and (e) were of European ancestry. The genetic architecture of ANM was obtained by a GWAS of up to 69,360 women of European ancestry, which identified the enrichment of signals in/near genes involved in delayed puberty and discovered the first molecular links between the onset and the end of reproductive lifespan (16). The research (16) included women with ANM who were 40–60 years of age, excluding those with menopause induced by hysterectomy, bilateral ovariectomy, radiation, or chemotherapy and those using hormone replacement therapy (HRT) before menopause. For AFB, ANM, AAM, BMI, alcohol intake frequency, ever smoked, and height, the GWAS data were from the publicly available IEU Open GWAS Project database (https://gwas.mrcieu.ac.uk/), and the detailed information is shown in Supplementary Table S1.




2.2.2 GWAS summary statistic of OC

GWAS summary statistics for OC were obtained from FinnGen consortium R9 release data (17). The GWAS included 128,314 Finnish adult female subjects and consisted of 20,750 cases and 107,564 controls.





2.3 Ethical approval

This MR study was conducted by virtue of publicly published studies or shared datasets, and the datasets had obtained ethical approval and informed consent. We did not have to make any additional ethics statement or consent.




2.4 Instrumental variable selection

Our independent IV was defined as follows: met the genome-wide significance threshold of p < 5 × 10–8, all of which was under the limited value (r2 < 0.001 within a clumping window of 10,000 kb) in linkage disequilibrium (LD) analysis (18). Our analysis removed the palindromic SNPs, which was regardless of allele frequency (18). In addition, IVs were included only when they existed in the GWAS summary statistics of outcome, and our analysis did not include the proxy SNPs (19, 20). F-statistics (F = Beta2/SE2) were used to evaluate the power of each SNP (21). Eventually, all the SNPs were equipped with stronger statistical power (F-statistics > 10).

In this MR study, 51 SNPs for AFB and 35 SNPs for ANM were extracted from the GWAS summary statistics with the outcome of OC. The F-statistics of the above SNPs were in the range of 532.08–3,770.81, 349.41–8,923.43, and 30.25–119.80, respectively, for AFB, ANM, and AAM, showing the strong validity of the selected SNPs. Detailed information of all selected SNPs of AFB, ANM, and AAM can be found in Supplementary Tables S1-S5.




2.5 Mendelian randomization estimates

Several approaches were utilized to conduct the MR analysis, including an inverse-variance weighted approach (IVW), an MR-Egger regression, a weighted median approach, a weighted mode, and the MR-PRESSO method.

We applied the IVW method as the primary method for two-sample MR tests. The important condition for IVW estimates is that all instrumental variants are valid, while the weak IVs tend to underestimate the true variation (22). MR-Egger, MR-PRESSO, and the weight median were mutually complementary and estimated the horizontal pleiotropy (23). The MR-Egger approach provided a valid estimation of the null causal hypothesis and the causal effect fit well even with the invalid IVs. The weighted median method was identified as more robust to test the horizontal pleiotropy (24). When 50% of genetic variants were considered to be invalid, this method was robust to outliers and gave unanimous estimation (23). MR-PRESSO was used to evaluate the horizontal pleiotropy through three of its components: the global test, the outlier test, and the distortion test (25). Additionally, the weight mode method could test the causal effect of the subset with the largest number of SNPs by clustering the SNPs into subsets resting on the resemblance of causal effects (25).

Subsequently, for assaying the heterogeneity and pleiotropy, we applied leave-one-out sensitivity analysis, the MR-Egger intercept test, and Cochran’s Q statistic (24). Then, we removed the confounders to analyze the direct effect of exposure on outcome. As for the causal effect of AFB and OC, we adjusted the BMI, alcohol intake frequency, and ever smoked. Investigating the causal effect of ANM and OC, we adjusted the weight, alcohol intake frequency, and height.

All analyses were performed using the TwoSampleMR (version 0.5.7), Mendelian Randomization (version 0.8.0), and MRPRESSO package (1.0) in R Software 4.3.1 (https://www.R-project.org). In addition, the p-value was less than 0.05 for statistical significance.





3 Results



3.1 Causal association of AFB on OC through two-sample MR

As shown in Table 1, there was convincing evidence to support a causal effect between the two hormone-related exposure and the risk of OC. In the main IVW analysis, per-year increase in AFB was associated with 0.09 standard deviation decrease in the risk of OC (OR = 0.91, 95% CI = 0.86–0.96, p = 0.00185). The test results kept significant by the other two methods (OR per-SD increment in AFB [95% CI] for weighted median 0.92 [0.85–0.99] and for MR-PRESSO 0.91 [0.86–0.97]). Meanwhile, the MR-Egger regression and weighted mode results were not significant. There seemed to be no apparent sign of pleiotropy (p-value of MR-Egger intercept = 0.362). In addition, MR-PRESSO estimation did not observe any outlier SNPs. Next, as depicted in Figure 2A, none of the SNPs crossed the zero line in the leave-one-out sensitivity analysis, which proved the non-heterogeneity of our study. Additionally, the MR-PRESSO global test has a p-value of 0.057, showing little pleiotropy.


Table 1 | Results of causal associations between age at first birth, age at menopause, age at menarche and ovarian cyst.






Figure 2 | The leave-one-out analysis plot. (A) Leave-one-out plot for age at first birth and ovarian cyst. (B) Leave-one-out plot for age at menopause and ovarian cyst.



As modifiable risk factors of OC, obesity (BMI), alcohol intake frequency, and ever smoked may play a significant role in the etiology of OC. Adjusting the effect of confounders including BMI, alcohol intake frequency, and ever smoked, we also found the causal effect between AFB and OC (p < 0.005) (Figure 3; Supplementary Table S4). Moreover, we found that alcohol intake frequency and ever smoked played an unimportant role in the etiology of OC through the two-sample MR analysis. Meanwhile, the obesity with higher BMI increased the risk of OC (Beta: 0.106, p = 0.005) by our MR test (Supplementary Table S4).




Figure 3 | Comparisons of Mendelian randomization results. (A) Comparisons of Mendelian randomization results for AFB on OC. (B) Comparisons of Mendelian randomization results for ANM on OC. OC, ovarian cyst; AFB, age at first birth; ANM, age at natural menopause; BMI, body mass index; AIF, alcohol intake frequency; EK, ever smoked.






3.2 Causal association of ANM on OC through two-sample MR

Similarly, we have found convincing evidence to support the causal relationship of genetically instrumented ANM with OC. As shown in Table 1, per-year increase in ANM was related to a 0.05 standard deviation risk increase of OC (OR = 1.05, 95% CI = 1.03–1.08, p = 8 × 10−6). Meanwhile, the detection results remained consistent using different methods (ORper-SD increment in ANM [95% CI] was 1.08 [1.01–1.14] for MR-Egger regression, 1.06 [1.02–1.09] for weighted median, 1.06 [1.01–1.11] for weighted mode, and 1.05 [1.03–1.08] for MR-PRESSO). We did not identify any leverage points with a high influence in the leave-one-out sensitivity analysis (Figure 2B). Cochran’s Q statistic illustrated no heterogeneity among SNPs of OC. As a supplement to the MR-Egger analysis, the MR-PRESSO global test with a p of 0.396 and no outlier SNPs demonstrated no directional pleiotropy.

Then, an IVW-based multivariable MR (mvMR) was conducted to test the direct effect of ANM on OC accounting for the confounding effect from weight, height, and ever smoked. The results of mvMR remained consistent with our primary findings (p < 0.005) (Figure 3; Supplementary Table S4). In addition, to estimate the weight and height using mvMR, we found that genetically predicted weight showed little influence on the risk of OC (OR = 1.00, 95% CI = 1.00–1.01, p = 0.407), so did weight (OR = 1.03, 95% CI = 0.95–1.11, p = 0.495).




3.3 Causal association of AAM on OC through two-sample MR

Meanwhile, for genetically predicted AAM, we only observed significant association with OC using IVW (OR = 0.91, 95% CI = 0.82–0.99, p = 0.037648) (Table 1), while MR-Egger regression (ORper-SD increment in AAM [95% CI], 0.96 [0.61–1.52]), weighted median approach (ORper-SD increment in AAM [95% CI], 0.93 [0.83–1.05]), and weighted mode (ORper-SD increment in AAM [95% CI], 0.95 [0.82–1.10]) remained non-significant. In addition, no heterogeneity and directional pleiotropy were found from the MR-Egger and MR-PRESSO test. Moreover, there are no confounding effect using the PhenoScanner method.





4 Discussion

In this work, we tested a putative causal relationship between three hormonal reproductive traits (AFB, ANM, and AAM) and OC influencing many women for the first time, making use of SNPs of strong IVs related to exposure (F-statistics: 921.51 for AFB, 1,148.44 for ANM, and 56.32 for AAM). We have found reliable evidence to demonstrate the causal effects of AFB, ANM, and AAM on OC using the two-sample MR analysis. Specifically, we genetically predicted that delayed AFB and AAM were associated with a decreased risk of OC, and similarly, we genetically predicted that younger ANM was related to a lower risk of OC. Therefore, a shorter reproductive period is associated with a lower risk of OC. After adjusting the effect of confounders including obesity (BMI), alcohol intake frequency, and ever smoked for AFB and weight, height, and ever smoked for ANM, a consistent causal effect was identified through the mvMR, proving the robustness of our findings.

When considering clinical significance, it is important to assess the magnitude of the effect and its practical implications in a real-world setting. While confidence intervals of approximately 1 indicate uncertainty, it does not necessarily mean that the results are not clinically significant. To determine clinical significance, it would be helpful to have more information on the OC, the large number of population being studied, and the causal determination of risk factors at the genetic level. Additionally, the interpretation of clinical significance may change depending on the field of study and the specific outcome being assessed.

Previous studies have found that there may be a relationship between AFB and ovarian cancer, and late AFB was associated with increased risk (26). Conversely, researchers summarized the AFB with risk of cancer and found that younger age (typically defined as 19 years or younger) at first birth is associated with an increased risk of cervical and endometrial cancers (27). Therefore, hormonal exposure of AFB has a strong correlation with ovarian disease due to certain reasons. First, reproductive factors such as AFB were very complicated and influenced more by environmental factors than by genetic factors. Second, estimates from previous epidemiologic studies are affected by confounders. For instance, smoking is one of the risk factors that have been considered for functional OCs, and a case–control study identified that the increase in BMI may reduce the adverse effect of smoking on the risk of functional OC (28). Thus, it is of vital importance to control the confounding factors in epidemiologic research. In our mvMR, we have controlled the effect of BMI, the alcohol intake frequency, and ever smoked, and we also obtained positive results after removing the confounders. Moreover, we tested the causal effect of confounders and outcome, showing a positive result for BMI with hundreds of IVs (Supplementary Table S4). Further investigations were needed to identify the causal relationship between BMI and OC.

As we all know, menopause was accompanied by the variation in hormone level, leading to many diseases in women. However, the biological mechanisms of hormonal factors on the influence of OC remain obscure. Recently, experimental research showed that the insufficient LH surge, intrafollicular changes in gonadotrophin receptors, and growth factors are the potential reasons leading to hormonally active OCs (4). During perimenopause, the hypothalamic arcuate nucleus and paraventricular nucleus are induced to pulse the secretion of gonadotropin-releasing hormone into the portal circulation due to the decrease in estrogen level, causing an increase in LH. Hence, older age of natural menopause may influence the LH level, thus leading to the elevated risk of OC.

As for the advantages of this study, an MR analysis was conducted to evaluate the causal effect between the reproductive factors and OC. Three distinct reproductive factors (AFB, ANM, and AAM) were incorporated to reflect the length of the reproductive period. The results clarified that prolonged exposure to estrogens as a consequence of a delayed menopause and early menarche increases the risk of the hormone-dependent disease of OC. Moreover, we performed a bidirectional two-sample MR analysis to avoid reverse causality, and the negative results were obtained as shown in Supplementary Table S4. Potential confounders such as BMI and ever smoked were also adjusted by mvMR, which makes the results more reliable and robust compared with observational studies.

As for the limitations of our study, at first, the number of our genetic instruments (SNPs) was less than 100, and further verification was needed to enhance the results. Second, participants of European ancestry were included in our MR analysis, which influenced our results’ external validity to other ancestry groups. Third, our research was performed using the overall OC rather than distinguishing disease subtypes including functional cysts, endometriotic cysts/blood cysts, dermoid cysts, serous cysts, and mucinous cysts. AFB and ANM may have a different effect on the various subsets of OC. Fourth, the MR-PRESSO GLOBAL test results of AFB showed minimal pleiotropy, while another effective method, the MR-Egger test, served as a supplement to show no directional pleiotropy (29). Furthermore, other social factors such as education and financial state may also confound our results without consideration of our MR analysis. Therefore, further studies should investigate the variety of subsets and adjust the social factors.




5 Conclusion

In summary, our findings demonstrated that reproductive factors (AAM, AFB, and ANM) play an important role in the risk of OC. Further research such as clinical trials and observational studies is needed to learn more about the relevant mechanisms.
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Objective

Type 2 diabetes mellitus (T2DM) remains a major and widespread public health concern throughout the world. The prevalence of T2DM in the elderly has risen to the top of the list of public health concerns. In this study, obesity- and lipid-related indices were used to predict T2DM in middle-aged and elderly Chinese adults.





Methods

The data came from the China Health and Retirement Longitudinal Study (CHARLS), including 7902 middle-aged and elderly participants aged 45 years or above. The study assessed the association of obesity- and lipid-related indices and T2DM by measuring 13 indicators, including body mass index (BMI), waist circumference(WC), waist-height ratio (WHtR), conicity index(CI), visceral adiposity index (VAI), Chinese visceral adiposity index (CVAI), lipid accumulation product (LAP), a body shape index (ABSI), body roundness index (BRI), triglyceride glucose index (TyG-index) and its correlation index (TyG-BMI, TyG-WC, TyG-WHtR). The association of 13 obesity- and lipid-related indices with T2DM was investigated by binary logistic regression. Additionally, the predictive anthropometric index was evaluated, and the ideal cut-off value was established using the receiver operating characteristic (ROC) curve analysis and area under the curve (AUC).





Results

The study included 7902 participants, of whom 3638(46.04) and 4264(53.96) were male and female. The prevalence of T2DM in mid-aged and old adults in China was 9.02% in males and 9.15% in females. All the above 13 indicators show a modest predictive power (AUC>0.5), which was significant for predicting T2DM in adults (middle-aged and elderly people) in China (P<0.05). The results revealed that TyG-WHtR [AUC =0.600, 95%CI: 0.566–0.634] in males and in females [AUC =0.664, 95%CI: 0.636–0.691] was the best predictor of T2DM (P<0.05).





Conclusion

Most obesity- and lipid-related indices have important value in predicting T2DM. Our results can provide measures for the early identification of T2DM in mid-aged and elderly Chinese to reduce the prevalence of T2DM and improve health.





Keywords: type 2 diabetes, National cohort study, obesity, middle-aged and elderly, receiver operating characteristic curve





Introduction

The percentage of older adults (defined as those 60 years of age or older) is expected to increase and reach >20% by the year 2050. China has the world’s largest elderly population, 201 million in 2015, which is expected to rise to 479 million by 2050 (1). Type 2 diabetes mellitus(T2DM) is a worldwide problem and the most prevalent metabolic disease affecting about 1 in 10 adults (10.5% of adults worldwide) (2). Over the last two years, the prevalence of T2DM has increased by 16%, which is an alarming increase (2). Without taking into account the risk of death associated with COVID-19, in 2021, approximately 12.2% of adult all-cause deaths worldwide will be due to diabetes and its complications (3). In addition, 10.6% of adults in the world have poor glucose tolerance, which puts them at high risk of developing T2DM (3). In parallel with the rise in prevalence, the economic costs of T2DM have also increased dramatically. Controlling the incidence of T2DM is the key to reducing the cost of global economic development and improving the health of individuals and communities.

T2DM is associated with a variety of factors. The increase in the incidence of T2DM is mainly due to changes in living conditions and habits, such as a sedentary lifestyle (4), physical inactivity (5), smoking (6), and alcohol consumption (7). Several epidemiological investigations have shown that obesity is the most important risk factor for T2DM, and it has a certain impact on the production of insulin resistance and disease progression (8). The epidemic of obesity contributes to the burden of T2DM in worldwide. In a meta-analysis of Mendelian randomization studies, the easiest and most generally used indicator of obesity, body mass index (BMI), was linked to a higher risk of T2DM (9). However, BMI is not entirely inclusive. Such as WC (waist circumference), waist-height ratio (WHtR), and lipid accumulation index (LAP) have been widely used in epidemiology to measure obesity or central obesity (10–13). We can use these indicators to explore the risk of developing T2DM.

It should be noted that no agreement has been reached on the association of obesity and lipid-associated indices with T2DM. For instance, the BMI is frequently used to estimate the likelihood of contracting chronic diseases including diabetes, hypertension, depression, and cancer (14–17). However, compared to other measurements like WC, WHR, and WHtR, BMI was the least accurate predictor for cardiovascular risk factors such as diabetes, hypertension, and dyslipidemia in the study conducted by Lee et al. (18). Some studies have suggested that WC appears to be a stronger predictor of diabetes than BMI in Western populations (19, 20), while the evidence on this remains contradictory in Asian populations (21, 22). Previous studies reported that the Chinese visceral adiposity index (CVAI) was superior to BMI, WC, or visceral adiposity index (VAI) for the diagnosis of diabetes and prediabetes (23, 24). Another study in Japan found that triglyceride glucose index (TyG-index) was linearly associated with the risk of T2DM in the population (25). From these studies, it can be concluded that obesity and lipid-related indices are closely related to T2DM. However, it is not clear which index performs better in predicting diabetes risk. Moreover, most of the research is carried out based on the West, and the results are different because of the differences in nationality and culture. Therefore, it is of great significance to further determine the correlation and predictive value between obesity and lipid-related indicators and T2DM in middle-aged and elderly people for guiding the prevention and treatment of T2DM in elderly people.

Currently, only a small number of cross-sectional studies have investigated the relationship between obesity and T2DM in elderly Chinese adults, but few studies have explored multiple indicators to predict T2DM risk, so to fill these gaps, we conducted a national retrospective cohort study in older Chinese adults. The longitudinal effects of 13 indicators on the incidence of T2DM were examined to predict the incidence of T2DM. This study provides a theoretical basis for early detection of T2DM, advanced and scientific medical prevention, and avoiding the occurrence of complications of T2DM, significantly improving the living standards of the elderly and prolonging life.





Method




Study design and setting

For this national cohort study, we used data from the China Wave2011 Longitudinal Study of Health and Retirement, a national longitudinal study of middle-aged and older Chinese people and their spouses, who were evaluated at baseline and followed up for two years (26). Individuals without T2DM in baseline from the China Health and Retirement Longitudinal Study (CHARLS) Wave 2011 study were included in our analysis after excluding subjects with missing data. Data gathering was then carried out in 2015. We enrolled 7902 individuals over 45 years of age in our nationwide cohort. The CHARLS project received approval from Peking University’s Biomedical Ethics Review Board, and each participant signed an informed consent form. The data and relevant data for this study are available at the CHARLS project website (http://charls.pku.edu.cn/).





Individuals

The subjects of this survey were selected from the CHARLS, Wave 1 (2011). The CHARLS Wave 2011 was used to select participants. Cohort studies are used in this investigation. In 2011, patients with undiagnosed T2DM were included in our follow-up cohort. Four years later, in 2015, the incident rate of those affected by 13 indicators was assessed.





Baseline characteristics

At baseline, trained researchers used a structured questionnaire to acquire sociodemographic status information and health-related indicators, including age, education, marriage, residence, drinking, smoking, activities, exercise, and chronic diseases. The majority of factors were based on our earlier research investigations (27–32).





Data collection and definitions

Fasting plasma glucose (FPG), HbA1c, TC, triglycerides (TG), high-density lipoprotein-cholesterol (HDL-c), and low-density lipoprotein-cholesterol (LDL-c) were measured by fasting blood samples. FPG, TG, TC, HDL-c, and LDL-c were determined by enzyme colorimetric assay, while the HbA1c test was carried out by high-performance liquid chromatography (HPLC) (33). T2DM was defined as 1) self-reported doctor-diagnosed diabetes, 2) fasting plasma glucose ≥7.0mmol/L, 3) 2-h plasma glucose ≥11.1mmol/L, or 4) HbA1c ≥6.5% (34). Participants with a diagnosis of T2DM at baseline were excluded from this analysis.





Measurements

The BMI was calculated based on the weight and height of the participants. According to the Chinese standard, BMI was classified into three categories: obesity (BMI ≥ 28 kg/m2), overweight (24 ≤ BMI< 28 kg/m2), and underweight and normal (BMI< 24 kg/m2) (35). The lower rib margin and the middle of the flexible measuring tape were used to determine the WC (32). Conicity Index (CI) was measured by WC, weight, and height (36). When calculating the Body shape Index (BSI), body roundness index (BRI), and VAI, it should be noted that VAI is not gender-specific like other measurements (37–39). WHtR is defined as the WC (m) divided by the height (m) (40). The LAP is calculated somewhat differently by subtracting from the WC (men: 65 cm, women: 58 cm) and multiplying it with TG (41). In order to create a more suitable metric for Chinese people, CVAI is built on VAI (42). The following formulas were used to measure the other anthropometric indexes (Equations 1-12).







	













	













Statistical analysis

All the statistical analyses were analyzed using STATA software version 25.0. Continuous variables were applied by mean (standard deviation, SD) depending on normal distribution or not, while the frequency with percentage was presented for categorical variables. A chi-squared test was run to compare dichotomous or categorical variables. Results from studies that were gender-specific are also included because the relationship between T2DM and obesity status varies between the sexes. The odds ratios (OR) and 95% confidence intervals (CI) for each of the 13 obesity- and lipid-related indices were calculated by binary logistic regression after adjusting for age, education, marital status, current residence, current smoking, alcohol consumption, activity participation, regular exercise, and chronic disease. The 13 indices were divided into two categories based on their optimal cutoff values. The P-value obtained by the statistical significance test is usually regarded as the statistical significance when P< 0.05, and the P< 0.001 is very significant. The ability of these indices to distinguish T2DM was tested by drawing the receiver operating curve (ROC curve) and AUC calculation. The ROC curve can be used to calculate the sensitivity, specificity, positive, negative, positive, positive, and negative. A Youden index (sensitivity + specificity 1) was used to select the cut-off points to evaluate classification accuracy.






Results

Table 1 shows the characteristics of the participants with complete samples. This study included 7902 patients, of which 3638 (46. 04%) were male, and 4 264 (53.96%) were female. Most of them were 45-64 years old, there were significant differences between men and women in age, education, marital status, current smoking, alcohol drinking, number of chronic diseases, WC, BMI, WHtR, VAI, ABSI, BRI, LAP, CI, CVAI, TyG index, TyG-BMI, TyG-WC and TyG-WHtR (P< 0.05). However, there was no statistical significance in the distribution of current residence, taking activities, and having regular exercises between the two groups (P > 0.05). Due to these marked gender differences (P< 0.05), the main analysis was conducted separately by gender.


Table 1 | Characteristics of participants with full samples(N=7902).



Table 2 presents the baseline characteristics of T2DM and non-diabetic subjects by gender. Based on the findings, the percentage of women with T2DM was significantly higher (9.15% versus 9.02% for males). There were significant differences in WC, BMI, WHtR, VAI, ABSI, BRI, LAP, CI, CVAI, TyG, TyG-BMI, TyG-WC, and TyG-WHtR in men with T2DM (P< 0.05); There were significant differences in age, current residence, chronic illness, WC, BMI, WHtR, VAI, ABSI, BRI, LAP, CI, CVAI, CVAI, TyG-BMI, TyG-WC, and TyG-WHtR in women with T2DM (P< 0.05). There were no significant differences among T2DM subgroups, male or female, in terms of educational background, marital status, current smoking, alcohol drinking, taking activities, and having regular exercises (P > 0.05).


Table 2 | Baseline characteristics of the study participants with and without T2DM by sex.



Table 3 illustrates the evaluation of the prediction using ROC curves and AUC. The ROC curves of each parameter for predicting the risk of T2DM are presented in Figures 1, 2. In men, the TyG -WHtR was the best predictor of T2DM in the middle-aged and elderly male population (AUC=0.600, SE=0.017, 95% CI=0.566-0.634, and optimal cut-off=4.769). Meanwhile, it can be observed from the table that WC (AUC = 0.583, S E = 0.018, 95% CI = 0.549-0.618, and optimal cut-off =88.850) and LAP (AUC = 0.583, S E = 0.017, 95% CI = 0.549-0.617, and optimal cut-off =28.333) had similar predictive values. Similarly, the predictive values were similar for the WHtR (AUC = 0.592, SE = 0.017, 95% CI =0.558-0.627, and optimal cut-off = 0.520), BRI (AUC = 0.592, SE = 0.017, 95% CI =0.558-0.627, and optimal cut-off =3.739) and TyG-WC (AUC = 0.592, SE = 0.017, 95% CI =0.558-0.626, and optimal cut-off = 765.677). In addition, in female patients, TyG -WHtR was also the best predictor of T2DM (AUC=0.664, SE=0.015, 95%CI 0.636-0.691, and optimal cut-off=5.031). Similarly, the predictive values were similar for the WHtR (AUC = 0.641, SE = 0.014, 95% CI =0.613-0.670, and optimal cut-off = 0.553), BRI (AUC = 0.641, SE = 0.014, 95% CI =0.613-0.670, and optimal cut-off =4.416). There was a statistical difference in all the indexes (P< 0.05). The results showed that the AUC of these 13 indexes was above 0.5, suggesting that they could predict the development of T2DM.


Table 3 | Cut-off between area under curve, sensitivity, and specificity for obesity- and lipid-related indices to detect T2DM by sex.






Figure 1 | The ROC curves of each indicator in the prediction of T2DM risk in males. (A) WC, (B) BMI, (C) WHtR, (D) VAI, (E) ABSI, (F) BRI, (G) LAP, (H) CI, (I) CVAI, (J) TyG-index, (K) TyG-BMI, (L) TyG-WC, (M) TyG-WHtR.






Figure 2 | The ROC curves of each indicator in the prediction of T2DM risk in females. (A) WC, (B) BMI, (C) WHtR, (D) VAI, (E) ABSI, (F) BRI, (G) LAP, (H) CI, (I) CVAI, (J) TyG-index, (K) TyG-BMI, (L) TyG-WC, (M) TyG-WHtR.



Table 4 shows the associations of obesity- and lipid-related indices with T2DM. In this survey, 13 obesity and lipid indices were converted into two categories according to the figures in Table 3. Table 4 is based on the transformed variables. In general, the greater the OR, the higher the risk. After adjusting for factors such as age, education, marital status, current residence, current smoking, alcohol drinking, taking activities, having regular exercises, and chronic diseases, both men’s and women’s odds of developing T2DM gradually increased with increasing obesity and lipid measurement units. After adjusting for all covariates, each unit rise in TyG -WHtR, for example, was related to a 2.249-fold (95% CI=1.771-2.857) increase in the likelihood of developing T2DM in males. Each unit increase in TyG-WC was linked to a 2.761-fold (95% CI=2.223-3.430) increase in the likelihood of developing T2DM in females. Among the 13 indicators, the correlation between ABSI and T2DM was weakest in males (OR=1.637, 95% CI: 1.277-2.099) and females (OR=1.415, 95% CI: 1.117-1.791). After adjusting for confounding factors, all indicators were statistically significant (P< 0.05). Figure 3 illustrates the forest plot or values before and after adjustment for the confounding factors for men and women.


Table 4 | Associations of obesity- and lipid-related indices with T2DM and its components.






Figure 3 | Forest diagram of OR before and after adjustment of confounding factors for males and females. (A) Male unadjusted; (B) male adjusted; (C) female unadjusted; (D) female adjusted. Adjusted OR: Adjusted for age, educational levels, marital status, live place, current smoking, alcohol drinking, activities, exercises, and chronic diseases.







Discussion

T2DM has been identified as a major public health problem with significant implications for people’s lives and health spending. A significant risk factor for T2DM is obesity. Finding a quick and easy way to test for diabetes can therefore serve as a foundation for an early diagnosis of T2DM. This study evaluated the predictive power of 13 obesity- and lipid-related indices in identifying the risk of T2DM in middle-aged and old adults in China. In our study, a total of 7902 people participated in the study. After adjusting for population factors in our population-based cohort analysis, we found a statistically significant relationship between obesity and lipid-related indices and T2DM.

This study revealed that 13 obesity and lipid-related indicators are all related to the risk of T2DM. Similar to other studies, all 13 indicators play an important role in different populations (43–45). After adjusting for multiple covariates, as the 13 indicators increase, the prevalence of T2DM increases. Among them, TyG-WHtR and CVAI have a stronger correlation with the prevalence of T2DM.

As far as we know, insulin resistance (IR) and islet β-cell dysfunction are the main pathophysiology of T2DM (46–48). A great deal of hormones and cytokines are produced in adipose and adipose tissue, which are important in glucose metabolism and lipid metabolism (49). A characteristic of several metabolic diseases, including hyperglycemia and hypertriglyceridemia, is IR (50). Ahn et al. have shown that the TyG index is composed of factors related to fat and blood sugar, and it is a reliable indicator that has a good reflection of human IR (10). Studies have shown that the TyG index can be a cheap and reliable indicator for the diagnosis of IR, which is important for the early diagnosis of T2DM high-risk people (51). The TyG index, a new measure based on TG and FBG, has been shown to be a useful predictor of metabolic disorders and T2DM (52–54). Several studies have suggested that TyG index is significantly linked to the chance of acquiring T2DM in Singapore (55), Japan (56), Korea (57), and Thailand (58). Ferreira, J.R.S (59). has shown that the TyG-related factors are a useful tool to predict metabolic syndrome. So far, the majority of studies (60–62) have also demonstrated a strong relationship between the TyG-related factors and pre-diabetes/diabetes.

In fact, factors related to TyG played a far greater role in this study than other factors. In our study, TyG-related factors such as TyG-WHtR, TyG-BMI, and TyG-WC can provide a broader basis for obesity- and lipid-related indices to estimate T2DM. TyG-WHtR (AUC=0.600 in males and 0.664 in females) had greater efficacy in predicting T2DM symptoms than the TyG index alone. Many earlier several studies share similar views to our findings (63, 64). As the TyG index is a reliable and alternate indicator of IR, it may be used to assess the risk of T2DM. It is easy to get and calculate it in the clinic or large-scale epidemiological survey.

In addition, our study showed that women have a higher risk of developing T2DM than men. This may be because women lose more height than men and have more subcutaneous fat storage. One study showed that increased visceral fat levels were associated with about a threefold increased risk of T2DM in women, and a modest 20% increased risk in men (65). The central distribution of adipose tissue has a greater impact on the incidence of non-insulin-dependent T2DM in women than in men and may lead to an increased risk of T2DM (65, 66). Together, consistent with our study, older women have a higher risk of new-onset T2DM than men and are more sensitive to predicting the prevalence of T2DM in women with a higher area under the curve for most indicators.

Interestingly, in our study, women were 2.761 times more likely to develop T2DM for each unit increase in TyG-WC (95% CI=2.223-3.430), and a similar study reported a stronger correlation between visceral adiposity and serum TG in women than in men (67). This may be because women generally show higher hepatocyte lipids on an empty stomach and after a glucose and lipid load (68). Several studies (64, 69) have jointly shown that TyG-WC can be used as the main monitoring parameter for diabetes screening and clinical assessment/prediction of diabetes risk in the population, which also has certain reference value for our research.

BMI and WC are safe, easy, and cheap tools to evaluate a person’s health status and make a rough estimate of the risk of obesity, including T2DM. In a retrospective study of 41, 242 people aged 45 or older, the relationship between BMI and WC and T2DM was higher than that of WHtR or TyG index (70). Qiwei Ge et al. (71) also found that WC was the best predictor of T2DM in elderly men. However, these studies’ indicators differed from those in our analysis. In our research, BMI and WC were relatively weak in predicting T2DM. A Japanese cohort study (72) showed that BRI was superior to BMI and WC in predicting T2DM. Moreover, it is noteworthy that Jayedi et al.’s recent meta-analysis of 216 cohort studies, which was published in the BMJ, demonstrated that WHtR was more closely linked to T2DM in routine assessments than WC, waist-to-hip ratio, and BMI (73). With some reports demonstrate that WHtR had higher predictive power than WC and BMI (74, 75). The cut-off values for BMI and WC are greatly impacted by gender differences, and both BMI and WC have various limits (76). Perhaps in the future, BMI can be combined with WHtR and WC, which can improve the risk phenotype of T2DM and screen diabetic patients.

VAI is the visceral obesity index (77), which was often used in the past in Caucasians, and the correlation with the area of adipose tissue in the Chinese body is low, and the difference may be related to the different distribution of adipose tissue in the body of Caucasians and Asians, and Asians may be more prone to have visceral fat accumulation, which may be related to different lifestyles. Therefore, in order to find an index that better represents the characteristics of body fat distribution and has a higher predictive value, CVAI is a new index for the evaluation of visceral adipose. Research indicates that among Chinese individuals, CVAI positively correlates with the risk of T2DM (23, 24, 78). The Japanese study indicated a significant association between CVAI and T2DM risk, which further confirmed the efficacy of CVAI in Asia, and was superior to BMI and WC in predicting T2DM. This could be due to the fact that CVAI is a composite of age, BMI, WC, and blood lipids. Therefore, it is superior to a single index. In our study, the AUC of CVAI was smaller than that of TyG-WHtR in middle-aged and older adults in both males (AUC = 0.593, Std. Error = 0.018, 95% CI = 0.559–0.628, and optimal cutoff value = 99.429) and female (AUC = 0.663, Std. Error = 0.014, 95% CI = 0.636–0.691, and optimal cutoff value = 114.005), making CVAI the second-best indicator after TyG-WHtR in this group. A 5-year prospective study in China showed that it was superior to VAI and anthropometric indicators in assessing metabolic risk (79). Similarly, Wei In reviewer al. also found that CVAI outperformed WC, BMI, and ABSI in T2DM screening among Chinese adults (22).

Similarly, LAP is a good predictor of metabolic synthesis. LAP was found to be a strong predictor of insulin resistance (80, 81), indicating a significant relationship between LAP and T2DM. The greatest component in this study’s ROC analysis of obesity- and lipid-associated measurements for females was the AUC of LAP (AUC = 0.643, Std. Error = 0.014, 95% CI = 0.616-0.670, and optimal cut-off = 30.835), which was excepted for the TyG related factors and CVAI.

In this study, 13 obesity- and lipid-related indices were transformed into two categories based on the optimum cut-off point in Table 3. Table 4 is based on the transformed variables. In general, a higher OR indicates a greater risk factor. In Table 4, the ABSI OR was significantly lower than the other 12 indices (OR=1.637 in males and 1.415 in females), after adjustment for all confounding factors. According to ROC analysis, the AUC value of ABSI is lower than the other 12 indices (AUC=0.554 in males and 0.559 in females). Consistent with our research results, Chang et al. also found that in terms of predicting the existence of T2DM among the rural population in Northeast China, compared with BRI, ABSI has the weakest predictive ability (82).

In this study, the relationship between obesity and lipid-associated index and T2DM was discussed. These straightforward and easily measured indicators can assist middle-aged and elderly individuals in implementing early intervention measures, such as lifestyle modifications (balanced diet and appropriate physical activity), to prevent the occurrence of T2DM. Because T2DM is a chronic disease, early detection of potential risk factors and maintaining a healthy lifestyle are key to preventing it. In the field of public health, the results can be used as a reference for clinical practice, public health consultation, and for identifying high-risk groups for prevention.




Strengths and limitations of the study

Our research is based on a nationally representative longitudinal dataset. As far as we know, aging-related diseases are rapidly expanding among the elderly in China, and this is the first cohort study to evaluate the association between 13 obesity and lipid-related indicators and the prevalence of T2DM among the elderly in China. Secondly, the measurement methods of most indicators are simple to operate and can be popularized in clinical practice. In addition, this study included 7902 people aged 45 years and older, a large sample size, which provides a scientific basis and theoretical basis for the prevention and treatment of T2DM. The study does have some limitations. First of all, this study focuses on middle-aged and elderly people in China, and it is difficult to apply the conclusions of this study to elderly people in other countries when there are differences between the East and the West. Second, although we adjusted for multiple influencing factors such as education level, smoking status, drinking status, and chronic diseases, undetected residual factors may alter the relationship between obesity and T2DM or hinder its development.






Conclusions

In conclusion, our findings revealed that T2DM was connected to overall obesity- and lipid-related indicators. Additionally, the TyG-WHtR is the most accurate marker for detecting T2DM in both males and females. CVAI was a good predictor of T2DM in males and females. Our findings highlight the importance of increasing knowledge about T2DM and improving health care.
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T2DM, type 2 diabetes mellitus; BMI, body mass index; WC, waist circumference; WHtR, waist-height ratio; VAI, visceral adiposity index; CVAI, cardio-ankle vascular index; LAP, lipid accumulation product; ABSI, a body shape index; BRI, body roundness index; TyG, triglyceride glucose; TyG-WHtR, triglyceride glucose-waist-height ratio; TyG-BMI, triglyceride glucose-body mass index; TyG-WC, triglyceride glucose-waist circumference; CHARLS, China Health and Retirement Longitudinal Study; FPG, fasting plasma glucose; TG, triglyceride; HDL-c, high-density lipoprotein-cholesterol; LDL-c, low-density lipoprotein-cholesterol; SD, standard deviation; OR, odds ratio; 95% CI, 95% confidence intervals; ROC, receiver operator curve; AUC, area under curve; IR, insulin resistance.
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Background

Aging has been implicated in many chronic inflammatory diseases, including periodontitis. Periodontitis is an inflammatory disease caused by long-term irritation of the periodontal tissues by the plaque biofilm on the surface of the teeth. However, only a few bibliometric analyses have systematically studied this field to date. This work sought to visualize research hot spots and trends in aging associated with periodontitis from 2002 to 2023 through bibliometric approaches.





Methods

Graphpad prism v8.0.2 was used to analyse and plot annual papers, national publication trends and national publication heat maps. In addition, CtieSpace (6.1.6R (64-bit) Advanced Edition) and VOSviewer (version 1.6.18) were used to analyse these data and visualize the scientific knowledge graph.





Results

The number of documents related to aging associated with periodontitis has steadily increased over 21 years. With six of the top ten institutions in terms of publications coming from the US, the US is a major driver of research in this area. journal of periodontology is the most published journal in the field. Tonetti MS is the most prolific authors and co-cited authors in the field. Journal of Periodontology and Journal of Clinical Periodontology are the most popular journals in the field with the largest literature. Periodontitis, Alzheimer’s disease, and peri-implantitis are current hot topics and trends in the field. Inflammation, biomarkers, oxidative stress cytokines are current research hotspots in this field.





Conclusion

Our research found that global publications regarding research on aging associated with periodontitis increased dramatically and were expected to continue increasing. Inflammation and aging, and the relationship between periodontitis and systemic diseases, are topics worthy of attention.





Keywords: periodontitis, bibliometric analysis, data visualization, inflammation, aging




1 Introduction

Periodontitis is an inflammatory disease resulting from infection with periodontal pathogenic microorganisms and dysregulation of the host immune system (1). More than 50% of adults worldwide are affected by different degrees of periodontitis (2, 3). Periodontitis is classified as mild, moderate or severe depending on the degree of inflammation of the disease (4). Severe periodontal tissue damage can lead to aesthetic complications that can be very disturbing to the patient, and new treatment techniques such as laser therapy and digital technology can improve patients’ quality of life (5, 6). Aging underlies the pathogenesis of a range of systemic diseases and has a critical effect on the development of chronic inflammatory diseases (7), such as atherosclerosis and autoimmune (8, 9). Numerous studies have shown a close connection between periodontitis and aging (10–12). During the development of periodontitis, the periodontal tissues are attacked by a large number of free radicals, which intensifies oxidative stress and causes oxidative damage to DNA, consequently accelerating telomere shortening. Shortened telomere length can exert cytotoxic effects, leading not only to disruption of epithelial connective tissue continuity, but also to interference with cell growth and differentiation processes. At the same time, persistent stimulation of bacterial-derived lipopolysaccharide affects cellular senescence of osteoblasts, driving alveolar bone resorption (13, 14). In conclusion, Aging may be one of the key risk factors that promote periodontitis progression.

With time changes as well as functional deterioration, the organism develops a number of chronic and age-related conditions. This process is defined as aging (15). Aging affects normal metabolism as well as promotes the progression of inflammatory responses, disrupting bone remodeling and leading to increased levels of bone resorption (16). In addition, aging impairs the organism’s immune system, mainly through damaging the physiological function of immune cells and weakening the immune effects of biomolecules. This causes a series of processes of immune senescence, immune activation, and inflammatory responses that ultimately result in older adults being more susceptible to autoimmune, and inflammatory diseases. Decreased immune responsiveness with chronic inflammation, which may accelerate the disease process (17–19). Periodontitis is a chronic inflammatory condition related to alterations in the oral microbiota (20). Notably, localized microecological dysregulation in the oral cavity is often caused by a high-inflammatory state in the host (21). Given that aging is related to a low-level “sterile” inflammatory state with no apparent infection, it is suggested that aging may influence the underlying process of periodontitis (22).

Bibliometrics allows for retrospective reviews to discover the relevance of data and make predictions for the future (23). Bibliometrics is a common method of measuring the academic impact of scientific and technical papers, and a means of demonstrating and encouraging emerging scholarship (24). Bibliometrics and visualization analysis can not only effectively integrate information and enhance understanding of research activities, but also analyze research hotspots and future trends in a certain field (25). In recent decades, Bibliometrics has been broadly used in the field of medicine, including obstetrics and gynecology, orthopedics, complementary medicine, and alternative medicine. It has promoted the development of medical research and clinical practice (26). However, the application of bibliometrics in dentistry is still limited at present, and there is a gap in the study of periodontitis related to aging. For this reason, this work intends to systematically sort out the aging research related to periodontitis, summarize the existing research results at home and abroad, assess their academic impact and characteristics, and provide new design ideas for further research.




2 Methods and materials

Web of Science Core Collection(WoSCC)has better accuracy in labeling literature types than any other database and is considered the best choice for literature analysis, therefore we chose to search in this database. We searched WOS for all articles related to periodontitis and aging from January 1, 2002 to October 25, 2023 with the following search formula (Figure 1): (((TS=(aging)) OR TS=(Senescence)) OR TS=(Biological Aging)) OR TS=(Aging, Biological) AND (((TS=(periodontitis)) OR TS=(Periodontitides)) OR TS=(Pericementitis)) OR TS=(Pericementitides) (Supplementary Table S1). Literature selection inclusion criteria for this study were as follows: (1) the full text of publications related to periodontitis and aging; (2) the articles and reviews manuscript category were in English; and (3) the article was published between January 1, 2002, and October 25, 2023. The criteria for exclusion were as follows (1) the topic was not related to periodontitis and aging, and (2) the article was a conference abstract, news, or briefing paper. We exported the plain text version of the paper. Graphpad prism v8.0.2 was used to analyze and plot annual papers, national publication trends, and national publication heat maps. In addition, CtieSpace (6.1.6R (64-bit) Advanced Edition) and VOSviewer (version 1.6.18) were used to analyze these data and visualize the scientific knowledge graph. VOSviewer v.1.6.17, created by Waltman et al. in 2009, is a free JAVA-based software for analyzing large amounts of literature data and displaying it in a map format. In order to visualize the results of research in a particular field by mapping the literature co-citation network, Professor Chaomei Chen created the CiteSpace (6.1.6R) software, which envisions the use of an experimental framework for studying new concepts and evaluating existing technologies. This enables users to better understand areas of knowledge, research frontiers and trends, and to anticipate their future research progress.




Figure 1 | Literature screening flowchart.






3 Result

The results showed that from January 1, 2002 to October 25, 2023, the WoSCC database contained a total of 3,240 publications on periodontitis and aging-related literature, including 2,339 (%) articles and 901 reviews (%). The literature covers 120 countries and regions, 3807 institutions and 19263 authors. From 2002 to 2004, the number of articles per year was less than 100, suggesting that the field was not noticed, and after 2005 the number of articles had a yearly increase, which increased rapidly after 2017 and reached the highest value in 2022. It indicates that the correlation between aging and the progression of periodontitis is receiving widespread attention after 2017 (Figure 2A).




Figure 2 | (A) Line graph of the volume of communications (B) Heat map of national issuances (C) Line graph of national issuances (D) Map of country cooperation network.



Research related to periodontitis and aging has been conducted in 120 countries and regions. Figures 2B, C show the heat map and line graph of the annual publication volume of the top 10 countries during the past 20 years, and the top 5 countries with the highest publication volume in this field are the United States, Brazil, China, Japan, and Germany. The U.S. accounts for 23.02% of the total number of papers published, which is far more than other countries.

Research related to periodontitis and aging has been conducted in 120 countries and regions. Figures 2B, C show the heat map and line graph of the annual publication volume of the top ten countries during the past 20 years. The top five countries with the highest publication volumes are the United States, Brazil, China, Japan and Germany. The percentage of papers published in the United States is 23.02%, far exceeding that of other countries.

The number of citations for papers published in the United States is 41,954 (Supplementary Table S2), significantly surpassing all other countries/regions. Additionally, the citation/publication ratio (40.97%) places the United States as the second highest globally. Although China has the third highest number of publications, its citation/publication ratio is only 17.26%, the lowest among the ten countries, which suggests that the quality of China’s publications is not high. Despite a significant difference in the number of publications compared to the United States, the citation/publication ratio for the United Kingdom (56.03%) ranks first globally. This indicates the superior quality of materials published from the UK. The network of cooperation is shown in Figure 2D, with close cooperation between the US, the largest producer, and Korea and Japan. The US also has cooperative relationships with countries such as China, Germany and the UK. From the heat map of paper publications, it can be observed that since 2002, the United States has published a greater number of articles. However, the number of articles published by China has surged in recent years and caught up with the United States by 2021. The United States not only has a significantly larger number of publications compared to other countries, but its centrality value also reached 0.46, indicating a leadership role in the development of the field. The remaining countries are still in the process of development in this field.



3.1 Institutions

3807 organizations systematically published articles related to periodontitis and aging. Among the top 10 institutions with the highest number of publications, six are from the United States, two from Switzerland, one from Finland and one from South Korea. Karolinska Instiv has published the most literature in this field (116 papers, 3,351 citations, 21.86 citations per paper). Univ Helsinki (105 papers, 3,315 citations, 57.56/paper) ranked second and Univ Washington (86 papers, 8,051 citations, 16.37/paper) ranked third (Figure 4A). It can be seen that institutions between countries prefer to cooperate with their own domestic institutions and there is a lack of international cooperation, so we call for the strengthening of cooperation between domestic and foreign institutions to break down academic barriers.




3.2 Journal

The top 10 journals with the highest number of publications are presented in Supplementary Table S3 and Figure 3A. The Journal of Periodontology (522 articles, 11.74%) is the most published journal in this field. It was followed by journal of clinical periodontology (461 articles, 10.36%),journal of periodontal research (166 articles, 3.73%)和clinical oral investigations (138 articles, 3.10%). Among the 10 most prolific journals, journal of dental research had the highest IF of 7.6. 50% of the journals are categorized as Q1 and the remaining 50% are categorized as Q2.




Figure 3 | (A) Density map of journal postings. (B) Density map of author postings.



The impact factor of a journal is determined by the frequency with which it is cited and reflects the significant impact the journal has had on the scientific community. The most cited journal was J PERIODONTOL (3601), followed by J CLIN PERIODONTOL(3466)and J DENT RES (2711) (Supplementary Table S5 and Figure 4B). Among the top 10 most co-cited journals, LANCET was cited 1062 times and had the highest impact factor (168.9). And 60% of the co-cited journals were first quarter journals.




Figure 4 | (A) Institutional Collaboration Network Diagram (B) Journal co-citation network diagram.



The thematic distribution of scholarly publications is shown by a double map overlay (Supplementary Figure S1). The colored tracks indicate citation links, with the citing journal on the left and the cited journal on the right. After analyzing the data, we have identified three primary citation paths, each color-coded for clarity. (1) Research published in molecular/biology/immunology journals is predominantly cited by studies in molecular/biology/genetics and health/nursing/medicine journals. (2) Research reports in medicine/health/clinical research receive the most citations from journals in molecular/biological/genetics, health/nursing/medicine, and dermatology/dentistry/surgery fields. (3) Research reports in the dentistry/dental/surgery field are cited by journals primarily in the medical/immunology field.

The top 10 authors with the highest number of publications related to periodontitis and aging are shown in Table S6 and Figure 3B. These authors have published a total of 276 papers, accounting for 6.21% of the total in the field. Kocher, Thomas (50 papers) published the most research papers, following papapanou, panos n. (31 papers) and holtfreter, birte (28 papers).

Figure 5A and Supplementary Table S1 respectively show the top 10 authors with the highest number of total citations and the highest number of total citations. 78 authors have a total of more than 100 citations, demonstrating the high reputation and impact of their research. The largest nodes are associated with the most co-cited authors, including TONETTI MS (698 citations), EKE PI (672 citations), and PAGE RC (534 citations).




Figure 5 | (A) Author co-citation network map. (B) Network diagram of co-cited literature. (C) Clustering map of co-cited literature.






3.3 Commonly cited references

Using a ten-year time slice with a time frame of 2013 to 2023, the co-cited reference network had 1453 nodes and 6745 links (Figure 5B). According to the top 10 most co-cited articles, the JOURNAL OF PERIODONTOLOGY (IF=6.7) entitled “Staging and grading of periodontitis: framework and proposal of a new classification and case definition” (12) was the most co-cited reference with Tonetti MS as the first author. We found that most of the 10 most co-cited articles were foundational literature related to periodontitis and aging.

We performed co-citation reference clustering and timeline analysis (Figures 5C, 6). We found that obesity (cluster1), infection (cluster3), polymorphism (cluster6), dental plaque/microbiology (cluster10), and low birth weight (cluster 11) were the population surveillance (cluster2), nonhuman primates (cluster4), apical periodontitis (cluster5), and arthritis-rheumatoid (cluster8), panoramic radiography (cluster12), dental implants (cluster13), and bone resorption (cluster14) are the hotspots of research in the mid-term, while periodontitis (cluster0), alzheimers Periodontitis (cluster0), alzheimers disease (cluster7), and peri-implantitis (cluster9) are the current hot topics and trends in this field.




Figure 6 | Volcano map of co-cited literature.






3.4 Keyword analysis

By analyzing keywords, we can get a quick overview of a field and its direction. According to the co-occurrence of keywords in VOSwiever, the most popular keyword was PREVALENCE (747), followed by RISK (640), INFLAMMATION (600), and HEALTH (489) (Table 1 and Figures 7A, B). We constructed a network containing 217 keywords with at least 30 occurrences (Figure 8), yielding a total of 6 different clusters. Cluster 1 (red) had 76 keywords including inflammation, biomarkers, chronic periodontitis, oxidative stress, peophyromonas-gingivalis, subgingival microbiota, bone loss, cytokines. group 2 (green) has 67 keywords, including prevalence, epidemiology, tooth loss, oral health, global burden, risk-factors, nutrition. group 3 contains 32 keywords (blue), including therapy, dental implants. Includes therapy, dental implants, alveolar bone loss, diagnosis, radiography, apical periodontitis, surgery, management Group 4 contains 26 keywords (in yellow) and includes risk, diabetes, metabolic syndrome, blood pressure, insulin-resistance, c-reactive protein, markers, glycemic control. group 5 contains 11 keywords (purple), including obesity, risk factors, weight, overweight, body-mass-index. group 6 contains 5 keywords (sky blue), including cigarette-smoking, smokers, tobacco smoking, and young-adults. a volcano map to visualize the research hotspots over time (Figure 7C).


Table 1 | Table of high-frequency keywords.






Figure 7 | (A) Keyword clustering network diagram. (B) Keyword Density Map. (C) Keyword volcano map.






Figure 8 | Co-cited literature emergence map.






3.5 Co-cited references and keyword highlighting

Through CiteSpace, we derived the 50 most reliable citation bursts related to the field of periodontitis and aging (Figure 8). One of them, “Staging and grading of periodontitis: framework and proposal of a new classification and case definition” by Maurizio S. Tonetti (13), the reference with the highest burst intensity (61.64). Forty-eight of the 50 references were published between 2002 and 2023, indicating that these papers have been cited frequently over the past 20 years and that research on periodontitis and aging will remain of interest in the future.

Among the 50 strongest burst keywords in the field, we focused on those that will still be mutating in 2023 (Figure 9), including “cohort study” (7.38 burst intensity), “global burden” (16.64 burst intensity), peri implant disease (24.76 burst intensity), oral microbiome (7.8 bursts), prevention (6.89 bursts), public health (6.82 bursts), classification (55.8 bursts), consensus report (26.23 bursts), 2017 world workshop (14.47 burst intensity), workshop (9.3 burst intensity), cellular senescence (6.95 burst intensity), cary (6.66 burst intensity), oral microbiota (6.55 burst intensity), and periapical lesion (6.33 burst intensity). (6.33 burst intensity).




Figure 9 | Keyword emergence map.







4 Discussion

In this work, we assessed research trends and hot topics in the field of aging and periodontitis over the last 20 years through bibliometric analysis. We searched 2,339 articles and 901 reviews published from January 1, 2002, to October 25, 2023, respectively. During that research phase, only a few papers were published in the field prior to 2004. The number of papers has increased every year since 2005, rapidly increasing after 2017 and peaking in 2022, indicating that the field is growing rapidly and maintaining strong research interest. Therefore, we may speculate that research related to aging and periodontitis remains a hot topic for the future.

In the field of periodontitis and aging research, papers published in the United States were cited 41,954 times, far exceeding all other countries/regions, and it also had the second highest citation/number of papers ratio (40.97%). A Although China has the third largest number of papers in this field in the world, its citation/publication ratio is only 17.26%, indicating that the quality of Chinese publications still needs improvement. It is worth noting that although the UK has a low number of publications, its citation/publication ratio (56.03%) is among the highest in the world, indicating the high quality of the material it publishes. The collaboration network indicates close cooperation between the United States, South Korea, and Japan, with the highest number of published papers. According to the heat map, it can be seen that in recent years, the U.S. has had a higher volume of publications since 2002, while China has seen a surge in publications in recent years and is gradually catching up with the U.S. by 2021. The United States not only has a much higher number of publications than other countries but also has a centrality score of 0.46, indicating its leading position in this field. The rest of the countries are far less than the United States, indicating that these countries are still in the process of development in this field.

In terms of institutions, 3807 institutions systematically published articles related to periodontitis and aging. Among the 10 institutions with the highest number of publications, six are from the United States, two from Switzerland, one from Finland, and the other from South Korea. Karolinska Instiv had the most publications in this area (116 papers, 3351 citations, 21.86 citations per paper). Univ Helsinki (105 papers, 3315 citations 57.56 citations/paper) ranked second and Univ Washington (86 papers, 8051 citations, 16.37 citations/paper) ranked third. It can be seen that institutions between countries prefer to cooperate with their own domestic institutions, and there is a lack of international cooperation, so we call for the strengthening of cooperation between domestic and foreign institutions to break down academic barriers. Among all the authors who have published literature related to periodontitis and aging, Table 2 and Figure 5B list the 10 authors who have published the most papers. The top 10 authors have collectively published 276 papers, accounting for 6.21% of all papers in this field. kocher, thomas (50 papers) published the most research papers, following by papapanou, panos n. (31 papers) and holtfreter, birte (28 papers). According to the top 10 most co-cited articles (Table 3), the JOURNAL OF PERIODONTOLOGY (IF=6.7) entitled “Staging and grading of periodontitis: framework and proposal of a new classification and case definition” (18) was the most co-cited reference, demonstrating the importance of this journal among periodontal journals, with Tonetti MS as the first author, demonstrating his centrality to the field. We found that most of the 10 most co-cited articles were foundational literature related to periodontitis and aging.


Table 2 | Top 10 literature co-citation table.




Table 3 | Reported TLR9 -related content.



In bibliometric analyses, keyword bursts usually reflect hot topics in the research field (83), and keyword volcano maps can show the evolution of new research hotspots (84, 85). We found that obesity, infection, polymorphism, dental plaque/microbiology, and low birth weight were early research hotspots, population surveillance, nonhuman primates, apical periodontitis, arthritis-rheumatoid, panoramic radiography, dental implants and bone resorption are mid-term hotspots. While periodontitis, alzheimers disease and peri-implantitis are current hot topics and trends in the field. In periodontitis, a large accumulation of microorganisms leads to the recruitment of polymorphonuclear neutrophils to the lesion site within the periodontal pocket. As the first line of defense against pathogens, the recruitment of neutrophils is influenced by various factors, including immune cell cytokines and chemotactic factors (86, 87). Early keyword hotspots reflect the exploration of periodontitis and the mechanisms of aging, and current keywords in the field reflect the aging phenomenon in which the possible link between disease and illness in the aging process and how to prevent and treat it will become a hotspot.

The analysis of co-occurring keywords indicates a close relationship between periodontitis and aging, consistent with previous research findings in recent years (88–90). Aging may trigger a decline in both innate and adaptive immune functions in the body, as well as alterations in the functional efficacy of effector biomolecules, leading to immune aging, immune activation, and inflammatory processes. This may be one of the plausible mechanisms by which aging may lead to increased susceptibility to periodontitis (91). Notably, the in vivo microenvironment associated with aging may additionally increase the complexity of defects in innate immunity and adaptive function (92–94). In addition, the close relationship between aging and bone metabolism was analyzed by keywords. Many immune and non-immune cells in periodontal tissue interact with osteoblasts and osteoclasts, which can regulate the balance of physiological bone formation and bone resorption (95, 96). Therefore, bone metabolism is regulated by various factors, including aging. In particular, aging disrupts the balance between bone remodeling and metabolism, leading to increased bone resorption, changes in bone structure, and decreased fracture resistance (16).

Based on results from keyword co-occurrence analysis, we also identified several terms related to systemic diseases, such as Alzheimer’s disease, atherosclerosis, and rheumatoid arthritis. These findings are consistent with recent research trends regarding the association between periodontitis and systemic diseases. These complex, multi-factorial diseases share common characteristics with periodontitis, including accelerated aging (97–99).

In recent years, Hajishengallis found that periodontitis can lead to dysbiosis, which is a serious risk to human health. In addition, localized treatment of periodontitis may serve as an additional indicator for the reduction of systemic inflammation and concomitant diseases (100, 101). There is substantial evidence suggesting that periodontitis may be influenced by systemic low-grade inflammation (102). Generally, periodontitis shows a bidirectional relationship with systemic inflammatory diseases. Aging is considered as a common factor that may explain the pathophysiological mechanisms underlying various inflammatory diseases (103–105). Therefore, aging may be a critical therapeutic target for inflammatory diseases.

Furthermore, citespace’s keyword exploration also helps to reveal future trends. We conclude that macrophage imbalance, oxidative stress may be current research hotspots. Meanwhile, pyroptosis and TLR9 may be potential research directions and targets.



4.1 Macrophage imbalance

Macrophages, as part of the innate immune system, possess high plasticity. When exposed to local stimuli, macrophages can exhibit various active states, which are classified into 2 major subsets, depending on the stimuli: classically activated (M1) and alternatively activated (M2) (106–108). Dysfunction of macrophages has been recognized as a key factor in periodontitis. Understanding the roles of different macrophage phenotypes contributes to the comprehension of potential mechanisms underlying periodontitis and aids in the development of new therapeutic strategies. Pro-inflammatory M1-like macrophages and reparative M2-like macrophages play an important role in inflammation and tissue homeostasis in periodontitis. Periodontal pathogens can induce the differentiation of macrophages into M1 type by stimulating CD14, Toll-like receptors (TLRs), and NOD-like receptors (NLRs) on the surface of macrophages with LPS. M2 macrophages, on the other hand, exert anti-inflammatory effects and play a role in wound healing and tissue repair. In the early stages of periodontitis, M1 macrophages dominate the infiltration of periodontal tissues, and the proportion of M1 is positively correlated with the progression of periodontal inflammation. There is evidence suggesting an increase in the abundance of M1 macrophages and a decrease in M2 counts in periodontal tissues from patients with periodontitis compared to healthy controls (109–112). During the progression of periodontitis, on one hand, periodontal pathogens may induce an excessive inflammatory response by modulating metabolic pathways to skew macrophage polarization towards M1, while on the other hand, sites of alveolar bone destruction accumulate large numbers of M1 macrophages, leading to the production of IL-1β and TNF-α, upregulation of RANKL expression, and increased bone resorption (113, 114). However, different studies have shown that no alterations in the M1/M2 ratio in periodontal tissues from patients with periodontitis (115, 116). Furthermore, the quantity of M1 macrophages notably decreases during the periodontitis stage. Therefore, in the pathogenesis of periodontitis, it is likely that the roles of M1 pro-inflammatory macrophages and M2 anti-inflammatory macrophages are not as straightforward as previously thought. They exist in a dynamic equilibrium, and disruption of this balance can lead to persistent inflammation (117, 118). During the natural healing process of periodontitis, M1 macrophages are capable of phagocytosing microorganisms and matrix debris. They exhibit a high antigen-presenting capacity during the early stages of healing. Consequently, the number of M1 macrophages increases in the early healing stages and then rapidly declines thereafter. M2 macrophages, on the other hand, peak in numbers during the later stages of healing (118–120). By producing IL-10 and reducing the expression of IL-6, M2 macrophages regulate the functions of Th17 and Treg cells, thereby influencing their anti-inflammatory and reparative properties (121, 122). In addition, the polarization of macrophages also undergoes changes with age. Research indicates that while there is no significant difference in the quantity of macrophages between young and old mice, the expression of M1-related markers, pro-inflammatory cytokines, and chemokines significantly increases in aged mice.[ (112, 123) Therefore, the aging immune system may play a crucial role in alveolar bone loss (124). Interventions targeting the aging immune system could emerge as a novel approach to managing periodontitis in elderly patients. Currently, the standard treatment for periodontitis typically involves mechanical removal of disrupted biofilms to control inflammation (125). However, this approach doesn’t always successfully halt the progression of the disease. Hence, exploring additional therapeutic targets contributes to the advancement of periodontal treatment. While therapeutic modulation of macrophage phenotypes has not yet been utilized in the treatment of periodontitis patients, inhibiting macrophage polarization to the M1 type or increasing the numbers and ratio of M2 macrophages may alleviate the progression of periodontitis. Therefore, the transition of macrophage phenotypes could potentially serve as a promising therapeutic target for periodontitis treatment, holding significant promise (Table 4).


Table 4 | Reported macrophage polarization-related content.






4.2 Oxidative stress

Oxidative stress is an integral part of the pathogenesis of periodontitis and is the result of an imbalance between the oxidative and antioxidant systems in the body, an over-oxidized state caused by an overproduction of ROS and/or a lack of antioxidant defenses (126). A causal relationship between ROS-mediated oxidative stress and periodontal disease has been demonstrated (127, 128). Studies have shown that the serum levels of superoxide are significantly higher in periodontitis patients, especially in chronic periodontitis, than in healthy individuals. In addition, the levels of malondialdehyde (MDA), a biomarker of lipid peroxidation, and 8-hydroxydeoxyguanosine (8-OHdG), a marker of oxidative DNA damage, were significantly elevated in saliva and gingival sulcus of patients with chronic periodontitis compared with healthy periodontal tissues (3, 129). Oxidative stress induced by the antimicrobial response during periodontitis may be an important cause of tissue damage. ROS play an important role in the pathomechanism of periodontitis.Gram-negative anaerobes colonizing dental plaque trigger the recruitment and activation of neutrophils, which subsequently produce a range of antimicrobial factors during phagocytosis of periodontal pathogens and release an excess of ROS through the NADPH oxidase pathway (130, 131). During phagocytosis, free radicals are the end-products of functional roles played by the mitochondria of polymorphonuclear neutrophils, mainly through lipid peroxidation (132–134). This leads to an oxidative imbalance that triggers a pro-inflammatory mechanism, which in turn promotes osteoclastogenesis, thus leading to alveolar bone resorption in patients with periodontitis (127, 135–139). In addition, reactive oxygen species affect Nuclear factor-erythroid 2-related factor 2 (Nrf2),Nrf2 down-regulation is associated with the progression of periodontitis, and finally, through direct damage to extracellular connective tissues (in addition to the bone itself), the production of reactive oxygen species is responsible for the loss of attachment that leads to periodontal destruction (140, 141).At the same time, reactive oxygen species production activates the NF-κB signaling pathway, which mediates the phosphorylation and degradation of NF-κB inhibitor a of NF-κB (IκBα) and the nuclear translocation of P65, a subunit of NF-κB, which promotes proinflammatory cytokines (such as interleukin-1, interleu-kin-6, and tumor necrosis factor-alpha), which can act directly or indirectly on periodontal tissues to cause bone resorption (142–144).In addition, increased reactive oxygen species disrupt the homeostatic relationship between bone formation and resorption via the RANKL/osteopro-tegerin axis, and thus oxidative stress-mediated inflammation may be one of the pathways leading to the development of periodontal disease. This means that conventional prophylaxis and treatment focusing on bacterial infection-mediated periodontal disease seems to be insufficient, especially when initial periodontal treatment fails to alleviate inflammation, and antioxidant scavenging of ROS to reduce overburdened inflammation is considered to be an effective way to stop the progression of periodontitis (Table 5).


Table 5 | Reported oxidative stress-related content.






4.3 Pyroptosis

Pyroptosis, a pro-inflammatory programmed cell death dependent on the Gasdermin family of proteins, plays an important role in the regulation of peridontal environmental homeostasis (145). Compared to apoptosis, pyroptosis occurs more rapidly as the cell swells until the membrane ruptures, releasing cellular contents and activating a strong inflammatory response (146, 147). Inflammatory mediators can cause collagen degradation and bone matrix resorption (148), causing destruction of periodontal hard and soft tissues. The initiation of cellular pyroptosis is dependent on the activation of intracellular inflammatory vesicles and their downstream cysteinyl aspartate-specific proteases1 (caspase-1), as well as the production of active fragments of the key pyroptosis protein Gasdermin. The invasion of periodontal pathogens induces an inflammatory response in the host, the molecular mechanism of which involves the activation of multiple inflammatory vesicles and triggers cellular pyroptosis, as well as the release of a large number of inflammatory factors, such as interleukin (IL)-1β, IL-18, and others, which mediate the destruction of periodontal tissues (149). The inflammatory response of periodontopathogenic bacteria in the periodontium is characterized by the release of a wide range of inflammatory factors. There is growing evidence that focal death plays a role in periodontitis pathology, such as Porphyromonas gingivalis, which can induce an inflammatory response through focal death. CASP4/GSDMD triggered by bacterial LPS leads to focal death of periodontal ligament stem cells in periodontitis patients (150). In the early stages of inflammation, gingival epithelial cell pyroptosis disrupts the epithelial barrier by interfering with intercellular junctions. When inflammation progresses, cell pyroptosis can further cause gingival fibroblast death, impaired migration of periodontal fibroblasts, impaired migration of osteoblasts, and active osteoclasts, which will be macroscopically manifested as loss of attachment and alveolar bone resorption. At the same time, the cellular contents released by pyroptosis, such as inflammatory factors and mtROS, can stimulate the production of MMP, causing collagen degradation in gingival and periodontal tissues. In summary elevated levels of focal death in periodontitis promote the secretion of active inflammatory factors (IL-1β, IL-18), which amplifies the inflammatory response and leads to an overactive immune response; this ultimately reduces bone formation, enhances bone resorption by up-regulating RANKL, exacerbates the destruction of periodontal tissues, and inhibits their regeneration. However, the regulation of cellular pyroptosis related to the osteoclastic mechanism needs to be further explored (Table 6).


Table 6 | Reported pyroptosis -related content.






4.4 TLR9

Periodontitis is a common chronic disease, and its progression may be regulated by interactions between host immunity and periodontal pathogens (151, 152). TLRs are type I transmembrane glycoproteins that belong to the pattern recognition receptor (PRR) class, which recognizes highly conserved structures on the surface of a large number of microorganisms and activates intrinsic immune cells through intercellular signaling pathways, thereby triggering an acquired immune response (153, 154).In recent years, many studies have revealed the ability of TLRs to recognize periodontal pathogens and modulate host innate immune responses to periodontal bacteria, including plasma membrane-associated TLR2, TLR4, and more recently the intrinsic intracellular sensor TLR9 (74, 76, 78, 155). In vivo evidence shows that TLR9-deficient (TLR9/) mice are resistant to periodontitis. This provides the first conceptual evidence for the involvement of nucleic acid sensors in periodontitis (101). In addition, TLR9 has been shown to modulate inflammation triggered by TLR2 and TLR4, suggesting possible crosstalk between these sensors during periodontal inflammation via downstream signaling pathways. Recent data suggest that TLR9 is one of the most up-regulated PRRs expressed in chronic periodontitis (156). DNA of the periodontal pathogen Porphyromonas gingivalis promotes its virulence in periodontitis by expressing inflammatory cytokines via the TLR9 signaling pathway (80, 156). TLR9 is present in gingival tissues, and nucleic acids significantly upregulate TLR9 gene expression in patients with periodontitis (76). TLRs signal through two pathways: a MyD88-dependent pathway and a MyD88-independent pathway.TLR9 recognizes viral nucleic acids through a MyD88-dependent pathway. The TLR9 signaling pathway activates the transcription factor NF-κB through inhibition of the nuclear factor-κB (i -κB) kinase (IKK) complex, leading to enhanced NF-κB signaling (157, 158). TLR9 is also present in macrophages and can sense bacterial DNA. in addition the distribution of TLR9 haplotypes and TLR9 (T1486C) genotypes may be associated with chronic periodontitis (75, 159). To model chronic periodontitis, TLR9 knockout mice or wild-type mice were exposed to Porphyromonas gingivalis. The data showed that bone loss was increased in wild-type mice compared with controls (not infected with Porphyromonas gingivalis), and no bone loss was detected in TLR9 knockout mice compared with controls, suggesting that alveolar bone loss in patients with periodontitis may be regulated by TLR9 (74). TLR9 plays a key role in periodontitis, and aberrant expression of TLR9 can be observed in patients with periodontitis, thus TLR9 has the potential to serve as a diagnostic or prognostic biomarker for periodontitis. Understanding the mechanisms by which TLR9 promotes periodontal inflammation could provide important insights into how to control aberrant periodontal inflammation as well as identify therapeutic targets and disease biomarkers that are critical for local and systemic outcomes (Table 3).

This work demonstrates the dynamic evolutionary process and structural relationship between the fields related to periodontitis and aging by knowledge mapping and data visualization, and preliminarily analyzes the research frontiers in this field. This study will provide more theoretical basis for researchers in this field. In conclusion, we should place greater emphasis on research regarding the association between periodontal disease and aging. Additionally, it is important to strengthen communication and collaboration among research institutions to facilitate the development of this field.
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Objective

Aromatherapy is a holistic healing method to promote health and well-being by using natural plant extracts. However, its precise mechanism of action and influence on the endocrine system remains unclear. Since recent studies reported that a neuropeptide, oxytocin, can attenuate anxiety, we hypothesized that if oxytocin secretion is promoted through aromatherapy, it may improve mood and anxiety. The present study is aimed to investigate the relationship between oxytocin and the effects of aromatherapy with lavender oil on anxiety level, by measuring salivary oxytocin levels in healthy men and women.





Methods

We conducted a randomized open crossover trial in 15 men and 10 women. Each participant received a placebo intervention (control group) and aromatherapy with lavender oil (aromatherapy group). For the aromatherapy group, each participant spent a 30-min session in a room with diffused lavender essential oil, followed by a 10-min hand massage using a carrier oil containing lavender oil. Anxiety was assessed using the State-Trait Anxiety Inventory (STAI) before the intervention, 30-min after the start of intervention, and after hand massage, in both groups. Saliva samples were collected at the same time points of the STAI.





Results

In women, either aromatherapy or hand massage was associated with a reduction in anxiety levels, independently. Moreover, salivary oxytocin levels were increased after aromatherapy. On the other hand, in men, anxiety levels were decreased after aromatherapy, as well as after hand massage, regardless of the use of lavender oil. However, there were no significant differences in changes of salivary oxytocin levels between the control and aromatherapy groups during the intervention period. Interestingly, there was a positive correlation between anxiety levels and salivary oxytocin levels before the intervention, but a negative correlation was observed after hand massage with lavender oil.





Conclusion

The results of the present study indicate that in women, aromatherapy with lavender oil attenuated anxiety with increase in oxytocin level in women, whereas in men, there was no clear relationship of aromatherapy with anxiety or oxytocin levels but, there was a change in correlation between anxiety and oxytocin. The results of the present study suggest that the effect of aromatherapy can vary depending on sex.





Keywords: aromatherapy, hand massage, oxytocin, anxiety, stress, sex differences




1 Introduction

Aromatherapy is the use of essential oils extracted from plants for the treatment of physical and psychological health. It has been reported to have positive psychological therapeutic effects through inhaling aromatic plant-based compounds (aroma) (1). There are many kinds of aroma oils, and they are used selectively based on the purpose. For example, sweet marjoram aroma has been reported to have calming and sedative effects, and thus contributes to the relief of negative emotional states. On the other hand, lavender aroma has been reported to have positive effects on mood, stress, anxiety, depression and insomnia (1).

Aromatherapy has recently become popular, and is used by a wide range of generations, regardless of gender. The main reason for this popularity is the positive effect that aromatherapy has on mental stress. Stress is considered to play a bigger role in modern society than it ever has before. In particular, stress-related disorders became a global issue as a result of restrictions caused by the COVID-19 pandemic. The global population experiencing mood disorders and depression triggered by stress is increasing, and the incidence of depression is estimated to be 5% in adults, with a higher prevalence in women than in men (2). Therefore, aromatherapy is expected as a simple and effective method to improve mental illness and promote wellness. In addition, massage has been reported to contribute to reduce anxiety, heart rate and stress hormones levels (3). However, in order to apply aromatherapy and massage as possible mental therapies, proper academic evaluation and clarification of their mechanisms of action are necessary.

Oxytocin has been attracting attention as a hormone that attenuates anxiety and stress response (4). It is a peptide hormone consisting of nine amino acids that is secreted from the hypothalamus and acts in both the brain and the body. It was originally discovered as a hormone that promotes delivery and milk ejection in 1906 (5), and has long been regarded as important hormone only during the perinatal period in women. However, it has recently been reported that oxytocin also has functions on behaviors, such as maternal behavior (6), social behavior (7), and social communication regardless of sex (8). Our previous studies found the anti-obesity and anti-metabolic syndrome effects of oxytocin (9, 10). In addition, oxytocin has been reported to be associated with anxiety and stress in animals and humans. Oxytocin exerts a central anxiolytic-like effect on the endocrine system and on behavior (11). Compared to wild-type mice, oxytocin-deficient mice displayed more anxiety-related behaviors and released more corticosterone after experiencing a psychogenic stressor (12). There is a negative correlation between plasma oxytocin level and severity of anxiety in patients with major depression (13). Oxytocin is considered a suitable treatment option for human anxiety disorders, especially for those associated with socio-emotional dysfunctions (14).

Oxytocin is present in breast milk, cerebrospinal fluid, blood, and saliva (15, 16), and it has been reported that salivary and blood oxytocin concentrations increase with massage and/or aromatherapy (17–19). Given these findings, it is speculated that the stress-buffering effects of aromatherapy and/or massage are mediated by oxytocin secretion. Therefore, the present study is aimed to investigate changes in anxiety after aromatherapy and hand massage with aroma oil in men and women, and to elucidate the association with the changes in anxiety and salivary oxytocin levels. To the best of our knowledge, this is the first study to investigate the effects and underlying mechanistic factors of aromatherapy and hand massage by measuring changes in salivary oxytocin levels after these treatments in human men and women.




2 Materials and methods



2.1 Participants and experimental design

We conducted a 2 × 2 crossover trial in 15 men and 11 women in their 20s–40s. They received prior explanation about the interventions used in this study, and provided their written informed consent to participate in this study. Each participant underwent both interventions in two different days, and to avoid the influence of physiological diurnal variation in oxytocin levels, the interventions were conducted at the same time of day in each intervention. Only one female participant (one out of 25 participants: 4%) had experience of aromatherapy in the past. Thus, almost all participants (96%) have never experienced aromatherapy before and the present study was the first experience. There were no participants who experienced hand massage in the past. The interval between the two experimental days was set to be at least one week. The participants did not include smokers, individuals with chronic illnesses, those taking medication (including traditional Chinese medicine), or those who were pregnant or lactating.




2.2 Intervention protocol

Anxiety was assessed using the State-Trait Anxiety Inventory (STAI) composed of State Anxiety Inventory (SAI) and Trait Anxiety Inventory (TAI) questionnaires freely available for academic use (20, 21) and the reference reported by Shimizu and Imae (22). SAI was evaluated for each intervention since it reflects current emotional state and ideal to evaluate time dependent change of emotion, while TAI was measured to evaluate general mood. Saliva samples were collected prior to intervention, and the participants were asked to complete the SAI and TAI questionnaires (1st assessment). Each participant subsequently received a placebo intervention (control group) or aromatherapy intervention (aromatherapy group). The participants in the aromatherapy group received a 30-min aromatherapy session in a private room with diffused aroma oil, as described in 2.3. During the session, they were prohibited from doing anything that could affect their anxiety state, such as using a smartphone, reading, or sleeping. After the session, saliva samples were collected, and the participants were asked to complete the SAI questionnaire again, and measure the heart rate (2nd assessment). This saliva sampling, completing SAI score questionnaire and pulse measurement were performed within 10 min (35-45 min in Figure 1). They then received a 10-min hand massage with aroma oil in the same room, followed by sample collection and the SAI questionnaire (3rd assessment). The participants in the control group stayed in a private room without diffused aroma oil for 30-min after the 1st assessment. Following the 2nd assessment, they received a 10-min hand massage using carrier oil without containing aroma oil, followed by the 3rd assessment. As described above, SAI evaluates current emotional state and TAI measures trait emotional mood. Thus, TAI test was performed only at the 1st assessment. The detailed protocol is illustrated in Figure 1.




Figure 1 | Protocol for interventions. The participants received two interventions (aromatherapy and control). Sample collection, SAI and TAI questionnaires, and pulse measurement were performed three times during each intervention (1st assessment, 2nd assessment, 3rd assessment). Prior to each intervention, the participants underwent the 1st assessment. They then spent 30-min in a room with diffused aroma (aromatherapy group) or without (control group), followed by the 2nd assessment. Saliva sampling, completing SAI score and pulse measurement were performed within 10 min (35-45 min). They subsequently received a 10-min hand massage with aroma oil (aromatherapy group) or without (control group), followed by the 3rd assessment.






2.3 Aromatherapy and hand massage

Aromatherapy was administered using authentic lavender essential oil (Lavandula angustifolia: from France, TREE OF LIFE Co., Ltd.), which was introduced into the room using a diffuser (Brezza Corporation Flavor Life, Tokyo, Japan). For hand massage, sweet almond oil (TREE OF LIFE Co., Ltd.) was used as the carrier oil. In the aromatherapy group, lavender oil concentration of 1% (v/v) was added to the carrier oil. All hand massages were administered for 10-min (5-min on each hand) by a nurse trained in lymphatic massage. In control intervention, the participants were not given both moisture diffuser and aroma oil and were asked to take rest in intervention room for 30 min. The participants received hand massage with almond oil without lavender essential oil in control intervention.

To ensure consistency in the interventional conditions, all hand massages were performed by the same nurse.




2.4 Measurement of heart rate

Heart rate was measured for 30-sec with the participant in a sitting position, using a pulse wave analyzer with a fingertip sensor (Act Medical Service Co., Fukushima, Japan). This measurement was performed 5-min after each of the 1st, 2nd, and 3rd saliva samplings (Figure 1).




2.5 Saliva collection and storage

Saliva was collected using a Salivette® tube (Sarstedt AG, Nümbrecht, Germany). In order to prevent degradation of oxytocin, aprotinin (600 KIU; 014-18113, FUJIFILM Tokyo, Japan) was added to the tube. The participants were not allowed to eat or drink anything except water from 2-h prior to the intervention. They rinsed their mouths thoroughly with water 10-min prior to the first saliva collection. Although drinking water was allowed during the intervention, it was prohibited for 10-min prior to each saliva collection. Samples were centrifuged (1000 × g for 5-min) after collection, and the supernatant was collected and stored at -80°C until the day of measurement.




2.6 Measurement of salivary oxytocin

At the measurements, 0.1 M HCl was added to the supernatant, and oxytocin was recovered by a C18 Sep-Pak column (Waters Co., Massachusetts, U.S.A.) and was extracted with methanol. Salivary oxytocin was measured using an ELISA kit (K048-H, ARBOR Assays Inc., Michigan, U.S.A). In order to minimize inter-measurement variation, samples from each participant were measured using the same assay plate. GraphPad Prism 7.0 (Dotmatics Co., Massachusetts, U.S.A.) was used for statistical analysis.




2.7 Statistical analysis

All data are presented as mean ± standard error. Comparison of the TAI and SAI scores between the control and aromatherapy groups was conducted using a paired t-test. Pearson’s correlation coefficient was used to determine the correlation between SAI and TAI scores, and Spearman’s rank correlation coefficient was used to analyze the correlation between SAI score and oxytocin concentration. Heart rate, SAI score, and oxytocin concentration at the 1st, 2nd, and 3rd assessments in the control and aromatherapy groups were analyzed by one-way ANOVA. Two-way ANOVA was used to compare the percentage of oxytocin concentrations, which were set as 100% at the 1st sampling, between the control and aromatherapy groups. All statistical tests were two-tailed, with p values of < 0.05 considered statistically significant.





3 Results



3.1 Participants

Fifteen men and 11 women participated in this study. One of the female participants was excluded from the analysis because the amount of saliva collected was not enough for assay. The mean age of the participants included in the analysis was 24.9 ± 0.8 years (21–32 years) and 26.5 ± 2.7 years (20–42 years) in the men and women, respectively. The mean BMI was 21.5 ± 0.7 (17.3–26.5) in the men, and that in the women was 22.3 ± 0.7 (20.0–27.4). The mean TAI scores in the control and aromatherapy groups were 40.9 ± 1.9 (31–55) and 44.0 ± 3.1 (32–66) in the men and women, respectively. The mean SAI score at before the intervention in control and aromatherapy groups were 32.7 ± 1.2 (23–41) and 36.8 ± 2.6 (25–55) in men and women, respectively. The mean salivary oxytocin levels before the intervention in the control and aromatherapy groups were 68.3 ± 19 (17.3-294) and 66.5 ± 8.3 (25-98.5) in men and women, respectively. There were no significant differences in SAI score and oxytocin levels before the intervention between men and women (Table 1). There were no significant differences in TAI or SAI scores between the control and aromatherapy groups (Figures 2A–D). Additionally, there was a significant positive correlation between the TAI and SAI scores at the 1st assessment in both men and women (r = 0.65, p < 0.001; r = 0.74, p < 0.001; respectively Figures 2E, F).


Table 1 | Participant characteristics.






Figure 2 | Relationship between TAI score and SAI score in men and women. (A, B) TAI scores in the control and aromatherapy groups in men (A, n = 15) and women (B, n = 10). ns: p > 0.05, paired t-test. (C, D) SAI score at the 1st assessment in the control and aromatherapy groups in men (C, n = 15) and women (D), n = 10). ns: p > 0.05, paired t-test. (E, F) The correlation of SAI score and TAI score at the 1st assessment in the control and aromatherapy groups in men (E, n = 30) and women (F, n = 20). (E, F) analyzed by Pearson’s correlation coefficient. ns, not significant.






3.2 Relationships among aromatherapy, hand massage and SAI score



3.2.1 Aromatherapy with lavender oil had no effect on SAI scores in men

A significant decrease was observed in SAI scores at the 2nd and 3rd assessments in the men of both the control and aromatherapy groups. (Figures 3A, C). To evaluate the effect of each intervention on SAI scores, changes in the SAI scores from the 1st assessment [ΔSAI scores: 2nd score – 1st score (2nd point), 3rd score-1st score (3rd point)] were compared between the control and aromatherapy groups. There was no significant difference in ΔSAI score between the control (-3.1 ± 0.86) and aromatherapy (-4.1 ± 1.2) groups at the 2nd assessment. Similarly, there was also no significant difference in ΔSAI score between the control (-4.8 ± 1.0) and aromatherapy (-5.9 ± 1.3) groups at the 3rd assessment (F1,28 = 0.5057, p = 0.48, Figure 3E).




Figure 3 | Change of SAI scores in the control and aromatherapy groups. (A, B) Change of SAI scores in the control group in men (A, n = 15) and women (B, n = 10). One-way ANOVA Holm-Sidak’s multiple comparisons test. (C, D) Change of SAI scores in the aromatherapy group in men (C, n = 15) and women (D, n = 10). One-way ANOVA Holm-Sidak’s multiple comparisons test. (E, F) Comparison of SAI score difference from 1st assessment at each assessment between the control and aromatherapy groups in men (E, n = 15) and women (F, n = 10). Two-way ANOVA followed by Sidak’s multiple comparisons test. ns, p > 0.05; *p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001. ns, not significant.






3.2.2 Aromatherapy with lavender oil and hand massage decreased SAI score in women

The SAI scores at the 2nd assessment were significantly decreased in women in the aromatherapy group (Figure 3D), whereas no significant changes were observed in the control group (Figure 3B). On the other hand, the SAI scores at the 3rd assessment were significantly decreased in both groups (Figures 3B, D). There was a significant difference in the ΔSAI score: score at the 2nd assessment between the control (-0.3 ± 1.0) and aromatherapy (-6.5 ± 1.3) groups (Figure 3F). The ΔSAI score at the 3rd assessment was significantly lower in the aromatherapy group (-11.2 ± 1.5) compared with the control group (-5.8 ± 1.3) (F1,18 = 12.87, p = 0.0021, Figure 3F).





3.3 Heart rate

There were no significant changes in heart rate in both men and women in the control and aromatherapy groups (Figure 4).




Figure 4 | Change of heart rate in the control and aromatherapy groups. (A, B) Change of heart rate in the control group in men (A, n = 15) and women (B, n = 10). Related-samples Friedman’s ANOVA test. (C, D) Change of heart rate in the aroma group in men (C, n = 15) and women (D, n = 10). Related-samples Friedman’s ANOVA test. ns, not significant.






3.4 Relationships among aromatherapy, hand massage and salivary oxytocin



3.4.1 Salivary oxytocin levels were not changed by aromatherapy and hand massage in men

There were no significant changes in salivary oxytocin levels from the 1st to the 3rd assessment in men of either the control or aromatherapy group (Figures 5A, C). As shown in Figures 5A, C, the salivary oxytocin levels largely varied among individuals. Thus, we analyzed the individual changes by setting the salivary oxytocin levels at the 1st assessment as 100%. As shown in Figure 5E, no significant differences were found at any points between the aromatherapy group (2nd, 145 ± 36%; 3rd, 70 ± 11%) and the control group (2nd, 121 ± 17%; 3rd, 91 ± 18%) (F1, 28 = 0.0058, p = 0.71).




Figure 5 | Change of salivary oxytocin levels in the control and aromatherapy groups. (A, B) Change of salivary oxytocin concentration (pg/ml) in the control group in men (A, n = 15) and women (B, n = 10). Related-samples Friedman’s ANOVA test. (C, D) Change of salivary oxytocin concentration (pg/ml) in the aroma group in men (C, n = 15) and women (D, n = 10). Related-samples Friedman’s ANOVA test. (E, F) Comparison of change of salivary oxytocin levels at each assessment between the control and aromatherapy groups in men (E, n = 15) and women (F, n = 10). The oxytocin levels at the 1st assessment is normalized as 100%. Two-way ANOVA followed by Sidak’s multiple comparisons test. ns, p > 0.05; * p < 0.05. ns, not significant.






3.4.2 Salivary oxytocin levels were increased by aromatherapy in women

Although an increasing trend was observed in salivary oxytocin levels at the 2nd assessment in women of the aromatherapy group, there were no significant differences between the control and aromatherapy groups at any assessment point (Figures 5B, D). As in the case with men, we analyzed the individual changes by setting the salivary oxytocin levels at the 1st assessment as 100%, which showed a significantly higher percent increase at the 2nd assessment in the aromatherapy group (160 ± 42%) than the control group (75 ± 11%) (F1, 18 = 7.8, p = 0.017, Figure 5F). Although there was no statistically significant difference in percent change of oxytocin levels between the control and aroma groups, the tendency of increased salivary oxytocin percentage was maintained after the hand massage (3rd point; 73 ± 15% in the control group; 137 ± 23% in the aromatherapy group, p = 0.0997).





3.5 Relationships among anxiety and salivary oxytocin levels



3.5.1 Effect of hand massage with aroma oil on correlation between anxiety and oxytocin levels in men

The correlations between salivary oxytocin levels and SAI scores at each assessment were analyzed in the control (Figures 6A, C, G) and aromatherapy groups (Figures 6A, E, I). In men, a significant positive correlation was found at the 1st and 3rd assessments in the control group (Figures 6A, G) However, a tendency of negative correlation was observed at the 3rd assessment in the aromatherapy group (Figure 6I).




Figure 6 | Correlation of salivary oxytocin level and SAI score at each assessment. (A, B) Correlation of salivary oxytocin levels and SAI scores at the 1st assessment in the control and aromatherapy groups in men (A, n = 30) and women (B, n = 20). (C, D) Correlation of salivary oxytocin levels and SAI scores at the 2nd assessment in the control group in men (C, n = 15) and women (D, n = 10). (E, F) Correlation of salivary oxytocin levels and SAI scores at the 2nd assessment in the aromatherapy group in men (E, n = 15) and women (F, n = 10). (G, H) Correlation of salivary oxytocin levels and SAI scores at the 3rd assessment in the control group in men (G, n = 15) and women (H, n = 10). (I, J) Correlation of salivary oxytocin levels and SAI scores at the 3rd assessment in the aromatherapy group in men (I, n = 15) and women (J, n = 10). (A–J) were analyzed using Spearman’s rank correlation coefficient.






3.5.2 The relationship between SAI score and salivary oxytocin levels in women

In women, there was no significant correlation between the SAI scores and salivary oxytocin level at the 1st assessment (Figure 6B). Although a correlation was detected at the 2nd assessment in the control group (Figure 6D), there were no significant correlations between SAI score and oxytocin level at the 3rd assessment point in both the control and aromatherapy groups (Figures 6H, J, respectively).






4 Discussion

Many studies have reported the positive effect of aromatherapy on anxiety reduction (23–31). Animal studies in the past have indicated that aromatherapy can provide psychological effects by acting on the central nervous system (32, 33).

In the present study, we examined the changes in anxiety and salivary oxytocin levels induced by aromatherapy and hand massage with aroma oil in individuals aged 20s–40s, including both men and women.

We used the STAI to evaluate the effect of aromatherapy and hand massage on anxiety levels. Previous studies have reported that aromatherapy with lavender oil significantly reduced anxiety in male as well as in female (23–29, 34). In the present study, the SAI scores decreased in both the control and the aromatherapy groups in men, and when considering only men with high initial anxiety (SAI score > 36), a decrease in scores by ≥ 5 points was observed in 50% (3 out of 6) in the control group and 100% (4 out of 4) in the aromatherapy group. These results suggest that although there is no effect in salivary oxytocin levels, aromatherapy on its own may be useful in reducing anxiety in men with high anxiety levels. Further study is required to clarify this effect and its mechanisms.

The present study showed significant differences between the aromatherapy and control groups in SAI score changes from the 1st to 2nd assessment among women. Although there were no significant changes in the SAI scores from the 1st and 2nd assessment in the control group (Figure 3B), a significant decrease was observed in the aromatherapy group (Figure 3D, 3F). These data suggest that, in contrast to men, simply resting in a quiet room alone does not significantly alter anxiety levels in women. However, exposure to lavender oil appears to have a pronounced anxiety-reducing effect in women. In addition, our results suggest that this reduction in anxiety may be further enhanced by the addition of hand massage.

We measured salivary oxytocin levels based on the hypothesis that the anxiety-reducing effects of aromatherapy and/or massages are mediated by oxytocin secretion. Oxytocin is mainly synthesized in the paraventricular and supraoptic nuclei in the hypothalamus. Oxytocin in the peripheral circulations is derived from oxytocin neurons in magnocellular subdivisions in the paraventricular nucleus and supraoptic nuclei that project to the posterior pituitary. On the other hand, oxytocin neurons in the parvocellular subdivision of paraventricular nucleus secrete oxytocin into the brain or cerebrospinal fluid (CSF) via their projection or dendritic release (35). The level of oxytocin in saliva is considered to reflect that in the CSF (36). Thus, the change of salivary oxytocin levels shown in the present study may reflect the change of oxytocin levels in the CSF. The secretion of oxytocin in the brain plays an important role in reducing stress responses (37). Upon stress, corticotropin-releasing hormone from the paraventricular nucleus of the hypothalamus stimulates the secretion of adrenocorticotropic hormone from the pituitary gland, and adrenocorticotropic hormone stimulates cortisol secretion from the adrenal gland. This axis, known as the hypothalamic-pituitary adrenal (HPA) axis, plays an important role in protecting animals, including humans, from stress. In response to activation of the HPA axis, oxytocin inhibits the expression and secretion of corticotropin-releasing hormone from the hypothalamic paraventricular nucleus, and prevents overactivation of the HPA axis, resulting in attenuation of stress response (37). Therefore, increase in salivary oxytocin level can be considered as an indicator for stress response attenuation.

A significant positive correlation was detected between the SAI scores and salivary oxytocin levels at the 1st assessment in men (Figure 6A). This result indicates that the participants with higher anxiety scores showed higher salivary oxytocin levels. Considering the role of oxytocin in stress response, its secretion could be increased to attenuate anxiety. In humans, oxytocin levels in saliva and peripheral blood increase due to factors such psychological stress, exercise, and noise stress (38–41). These findings are consistent with our results found in men, which showed a positive correlation between the SAI scores and salivary oxytocin levels. However, the positive correlation between the SAI scores and salivary oxytocin levels was maintained to some extent at the 3rd assessment in men of the control group (Figure 6G). In contrast, there was a tendency of negative correlation at the 3rd assessment in the aromatherapy group (Figure 6I). The physiological role of this invert from positive correlation to negative correlation remains unknown. Further study is required to clarify the link between anxiety attenuation and its involvement of oxytocin.

One possible mechanism of oxytocin to attenuate stress is its effect on the amygdala (42, 43). The amygdala is a region of the cerebral limbic system that governs emotions, especially anxiety. Oxytocin receptors are abundantly expressed in this region (44). It has been reported that there is a positive correlation between salivary oxytocin levels and the size of the amygdala in men (45). Furthermore, nasal oxytocin administration attenuates the activation of the amygdala’s response to fearful facial expressions in men (46). In addition, oxytocin can modulate amygdala reactivity in response to social threat and attenuate anxiety (42). Thus, it is possible that higher oxytocin levels contributed to attenuation of anxiety in men with higher anxiety scores in the present study.

Interestingly, contrary to men, there is a negative correlation between salivary oxytocin levels and amygdala volume in women (45). Shou et al. speculated that high oxytocin levels increase amygdala volume by activating this brain region with a high frequency in men, while in women it reduces amygdala volume by suppressing its activation (45). Taking into account this report and our results, it is possible that there is a sex difference in the mechanism of action of oxytocin on anxiety reduction in humans.

Although present study is based on small number of participants, it demonstrated a possible sex difference in the effect of aromatherapy on salivary oxytocin levels. There were no significant differences in the changes of salivary oxytocin levels between the control and aromatherapy groups in the men (Figure 5E), while the change of salivary oxytocin levels of the aromatherapy group was significantly larger than that of the control group in the women (Figure 5F). In the present study, salivary oxytocin levels at the 2nd assessment in female aromatherapy group increased by approximately 1.5 times differ from to those of the control group, which is a similar level of increase in salivary oxytocin reported in a previous study which postmenopausal women were exposed to lavender essential oil for 20-min (19). The female participant of present study is all premenopausal women and our results suggest that the effectiveness of aromatherapy for anxiety reduction with possible interaction with oxytocin secretion is limited to women.

Although many mechanisms can be speculated for its effectiveness on women, one possible mechanism can be the differences in the olfactory system. The sense of smell in women has been reported to be more sensitive than in men (47). The olfactory bulb is an initial brain region that receives olfactory stimuli from olfactory receptors. A previous postmortem brain study reported that the number of neurons and glial cells in the olfactory bulb of women were 40%–50% higher than those in men (48). Given these findings, the sex difference in the response to aromatherapy may be linked to the sex differences in the olfactory system.

Regarding the levels of oxytocin with the sex difference in the response to aromatherapy, the neurons in olfactory bulb which project to various brain regions related to the stress responses, including hypothalamus, bed nucleus of the stria terminalis and medial amygdala (49–51), may contribute to the results shown in this study. Since, the number of neurons and glial cells in the olfactory bulb of women are higher than those of men (48), the input from olfactory neurons in women may have stronger effects of aromatic effects on enhancing oxytocin response. On the other hand, it has been reported that lavender essential oil inhalation to mice decreased an anxiolytic-like behavior via serotonergic neuronal system (52). Oxytocin increases the release of serotonin and availability of 5-HT1A receptors (53). In addition to these reports, estrogen increases oxytocin receptors expressions in neurons (54).

Considering from these reports, olfactory systems in female can enhance aromatherapy effects via neuronal projection from olfactory neurons than male. In addition, serotonin and estrogen, which have important role in regulating physiology of women, are also known to enhance the oxytocin effect. It is possible to consider that in addition to enhanced olfactory systems, serotonin and estrogen systems further enhanced the role of oxytocin in response to aromatherapy in decreasing anxiety.

Interestingly, in the present study, an additive effect on the increase in salivary oxytocin levels by hand massage was not observed in either sex. According to previous studies, salivary oxytocin levels increase with stroking head (55). On the other hand, oxytocin levels in the blood increase with massage on the back and feet (18, 56). The secretion of oxytocin into saliva and blood depends on the type of stimulus and does not always occur in parallel (57); therefore, it is plausible that the hand massage in the present study did not contribute to an increase in salivary oxytocin levels. Further investigation into this is required.



4.1 Limitations

Oxytocin has been reported to be secreted in response to stress, and its secretion in the central and peripheral regions is not necessarily consistent and depends largely on the type of stress (57). Therefore, in the present study, we measured oxytocin level in saliva but not in blood. In addition, given that the oxytocin levels in premenopausal women fluctuate according to the estrous cycle, the correlation between the SAI scores and oxytocin levels in women of the present study may have been interfered by factors other than anxiety. Also, present study is based on relatively small number of participants and further study with larger scale is required.




4.2 Conclusion

The results of the present study suggest that aromatherapy with lavender oil attenuated anxiety with increase in oxytocin secretion in women but not in men. This indicates the possibility that attenuation of anxiety by aromatherapy with lavender oil in women may partially depend on oxytocin secretion. However, further research is needed to determine the significant roles of oxytocin in change of anxiety score by aromatherapy and hand massage in men with high anxiety score.
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Background

Untargeted metabonomics has provided new insight into the pathogenesis of sarcopenia. In this study, we explored plasma metabolic signatures linked to a heightened risk of sarcopenia in a cohort study by LC-MS-based untargeted metabonomics.





Methods

In this nested case–control study from the Adult Physical Fitness and Health Cohort Study (APFHCS), we collected blood plasma samples from 30 new-onset sarcopenia subjects (mean age 73.2 ± 5.6 years) and 30 healthy controls (mean age 74.2 ± 4.6 years) matched by age, sex, BMI, lifestyle, and comorbidities. An untargeted metabolomics methodology was employed to discern the metabolomic profile alterations present in individuals exhibiting newly diagnosed sarcopenia.





Results

In comparing individuals with new-onset sarcopenia to normal controls, a comprehensive analysis using liquid chromatography-mass spectrometry (LC-MS) identified a total of 62 metabolites, predominantly comprising lipids, lipid-like molecules, organic acids, and derivatives. Receiver operating characteristic (ROC) curve analysis indicated that the three metabolites hypoxanthine (AUC=0.819, 95% CI=0.711–0.927), L-2-amino-3-oxobutanoic acid (AUC=0.733, 95% CI=0.598–0.868) and PC(14:0/20:2(11Z,14Z)) (AUC= 0.717, 95% CI=0.587–0.846) had the highest areas under the curve. Then, these significant metabolites were observed to be notably enriched in four distinct metabolic pathways, namely, “purine metabolism”; “parathyroid hormone synthesis, secretion and action”; “choline metabolism in cancer”; and “tuberculosis”.





Conclusion

The current investigation elucidates the metabolic perturbations observed in individuals diagnosed with sarcopenia. The identified metabolites hold promise as potential biomarkers, offering avenues for exploring the underlying pathological mechanisms associated with sarcopenia.
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Introduction

Sarcopenia, defined by the gradual decline in skeletal muscle mass, muscle strength, and physical performance (1), is closely linked to the aging process and adverse health outcomes, including disability, diabetes, metabolic syndrome, poor quality of life, and increased mortality (2). Despite the severity of its symptoms and associated side effects, the pathophysiological mechanisms driving sarcopenia remain inadequately elucidated, and current pharmacotherapies demonstrate limited efficacy (3). Therefore, there exists a pressing imperative to uncover novel, clinically significant biomarkers, delineate high-risk populations, and attain a more profound understanding of the underlying pathological mechanisms to mitigate the onset and progression of sarcopenia.

Metabonomics emerges as a potent methodology capable of furnishing intricate insights into biological pathways, pivotal genes, and mutations, thus elucidating the mechanisms underlying disease progression and revealing diagnostic biomarkers Metabonomics analysis can be performed using untargeted or targeted approaches. Most of the current metabonomics studies were targeted metabonomics analyses (4–6).

Nevertheless, while targeted metabonomics offers precision, it inherently limits the potential for discovering novel biomarkers and unveiling previously unrecognized pathways in sarcopenia development. Untargeted metabolomic analysis emerges as essential for functional research, facilitating the integration of comprehensive metabolic profiles with biological insights (7).

Several integrated studies investigating the relationship between blood and fecal untargeted metabolomics and sarcopenia have been published. These studies involve untargeted profiling to discern trait-specific or shared metabolites linked with muscle mass and strength (8), comparing the plasma metabolome (9, 10), as well as analyzing the differences in fecal metabolites (11–13). Blood metabolomics primarily reflects systemic metabolic changes and can capture metabolites related to muscle metabolism, hormonal regulation, and systemic inflammation, which are directly relevant to the pathophysiology of sarcopenia. In contrast, fecal metabolomics offers insights into gut microbiota composition and activity, which, while important for overall health, may be less directly connected to muscle metabolism. The systemic nature of blood metabolomics makes it particularly valuable for identifying biomarkers that are directly associated with muscle mass and strength, and for understanding the systemic metabolic disturbances underlying sarcopenia.

Multiple studies have proposed that the characterization of metabolic signatures holds promise as a biomarker for investigating the physical debilitation associated with sarcopenia (14). However, research on metabolomic analysis in sarcopenia remains in its incipient stages. More research is needed to identify more valuable potential markers, especially by untargeted metabonomics. Furthermore, studies using untargeted metabonomics approaches have predominantly been conducted in Western populations (8, 9, 15, 16). Asians and Westerners differ in lifestyle factors such as exercise habits, sleep quality, stress levels, etc. These lifestyle factors potentially influence metabolic processes, thereby contributing to differences in metabolomic profiles.

Data from Asian populations are scarce and predominantly derived from cross-sectional studies, which are vulnerable to reverse causation and hinder the establishment of temporal and causal relationships. To our knowledge, only two studies have been conducted on Asian populations (17, 18).

Here, the objective of this study was to pinpoint potential plasma metabolite biomarkers linked with sarcopenia. These findings will enrich our understanding of sarcopenia’s progression and may aid in identifying new molecular targets for the treatment of this condition.





Materials and methods




Study, setting, and design

The study design entailed a nested case-control approach derived from the Adult Physical Fitness and Health Cohort Study (APFHCS) [ChiCTR1900024880]. The APFHCS is a substantial prospective, open, and dynamic cohort study primarily examining the correlation between physical fitness and health status within a broad adult population residing in Tianjin and Shanghai, China. All participants enrolled in the National Free Physical Examination Program were recruited for comprehensive annual health assessments. Subsequently, they were instructed to fill out detailed questionnaires regarding their lifestyle and medical history. Subsequently, they were subjected to lifelong follow-up through periodic visits. The characteristics of the study participants have been delineated in our prior investigation (19).

Subjects in this study participated in September 2019 (baseline) and September 2020 (follow-up) in Shanghai. A total of 380 subjects had a plasma sample available at baseline. Participants who met any of the following conditions were excluded from the study: (1) inability to provide informed consent; (2) inability to undergo anthropometric measurements; and (3) diagnosis of sarcopenia using the AWGS criteria. Among the 380 subjects, 48 individuals diagnosed with sarcopenia in 2019 were excluded from the analysis. Subsequently, 30 subjects who developed new-onset sarcopenia in 2020 were matched with non-sarcopenic individuals based on age, sex, BMI, lifestyle, and comorbidities using propensity score matching. Nearest neighbor matching without replacement was employed in a 1:1 manner, with a caliper set at 0.02 standard deviations of the logit of the propensity score. This study was approved by the Ethics Committee of Shanghai University of Medicine and Health Sciences. All study participants voluntarily participated by providing written informed consent and completing comprehensive questionnaires encompassing demographic variables, including age, sex, lifestyle behaviors, and medical history. The measurement methods were detailed in our previous cross-sectional study (19).





Assessment of sarcopenia

Sarcopenia was defined according to the Asian Working Group for Sarcopenia (AWGS) criteria (20), in which a person who has low muscle mass, low muscle strength and/or low physical performance was identified as having sarcopenia. Low muscle mass was classified as a relative skeletal muscle mass index (ASM/ht2) less than 7.0 kg/m2 and 5.7 kg/m2 in men and women, respectively; low muscle strength was defined as grip strength <28 kg or <18 kg for males and females, respectively; and low physical performance was defined as walking speed <1.0 m/s for both males and females.

Muscle mass was quantified employing direct segmental multi-frequency bioelectrical impedance analysis (BIA) (In-Body720; Biospace Co., Ltd,Seoul, Korea). Assessment of muscle strength involved measuring grip strength using a dynamometer (GRIP-D; Takei Ltd, Niigata, Japan) while standing, with the arm fully extended straight down by the side. The participant received instructions to exert maximal effort by squeezing the handle of the dynamometer for a duration of 3–5 seconds, accompanied by standard encouragement to ensure maximal performance. Following this, the measurement was repeated after a 30-second interval to allow for recovery. The usual walking speed, measured in meters per second (m/s), was utilized as an objective indicator of physical performance, conducted along a 4-meter course. The methodology for this measurement has been previously elucidated in our prior study (21).





Sample collection and processing

Each plasma sample was procured from the study participants under fasting conditions in the morning. Subsequently, the samples were separated and preserved in freezers at a temperature of -80°C until the commencement of the metabonomics assay. Thawing of the samples was conducted at room temperature prior to analysis. Initially, 150 μl of plasma was aliquoted into a new Eppendorf tube, followed by the addition of 10 μl of L-2-chlorophenylalanine (0.3 mg/ml) dissolved in methanol as the internal standard. Subsequently, a 450-μl mixture of methanol/acetonitrile (2/1) was added and vortexed for 1 minute. The entire samples underwent extraction by ultrasonication for 10 minutes and were then stored at -20°C for 30 minutes. The resulting extract was centrifuged for 10 minutes at 4°C (13,000 rpm). A volume of 200 μl of supernatant was then subjected to drying in a freeze concentration centrifugal dryer, followed by resolubilization with 300 μl of methanol/water (1/4) and vortexing for 30 seconds. Subsequent extraction by ultrasonication for 3 minutes was performed. After thorough mixing, the samples were centrifuged at 4°C (13,000 rpm) for 10 minutes, and 150 μl of supernatant was filtered through 0.22-μm microfilters before being transferred to LC vials. The vials were stored at -80°C prior to analysis by LC-MS.





Metabolic profiling

Plasma metabolomic profiling analysis was conducted in accordance with previously established methodologies (22). In brief, LC-MS analysis was executed utilizing an ACQUITY ultra-performance liquid chromatography (UPLC) I-Class coupled with a VION IMS QT high-resolution mass spectrometer (Waters Corporation, Milford, USA). Metabolic profiles were obtained through electrospray ionization (ESI) in both positive and negative ion modes. Sample separation was conducted using an ACQUITY UPLC BEH C18 column (Waters Corporation; particle size: 1.7 μm, dimensions: 100 × 2.1 mm) at a flow rate of 0.4 ml/min. The column temperature was held constant at 45°C, while the sample chamber temperature was maintained at 4°C, and a 1 μl injection volume was employed. The mobile phases consisted of two solutions: solution A comprised water with 0.1% formic acid, while solution B consisted of a mixture of acetonitrile and methanol in a ratio of 2:3 (vol/vol) with 0.1% formic acid. The gradient elution program was as follows: from 0 to 1 minute, the composition was 30% solution B; from 1 to 2.5 minutes, the composition increased from 30% to 60% solution B; from 2.5 to 6.5 minutes, it increased from 60% to 90% solution B; from 6.5 to 8.5 minutes, it increased from 90% to 100% solution B; at 8.5 to 10.7 minutes, the composition remained at 100% solution B; from 10.7 to 10.8 minutes, it decreased from 100% to 1% solution B; and finally, from 10.8 to 13 minutes, the composition was maintained at 1% solution B. The LC-MS system was operated under optimized conditions, including an ion source temperature of 150°C, capillary voltage set to 2.5 kV, desolvation gas flow maintained at 900 L/h, declustering potential set at 40V, collision energy at 4 eV, a mass scan range from m/z 50 to 1,000, and a scan time of 0.2 s (22).





Data processing and analysis

The LC-MS data underwent processing using Progenesis QI version 2.3 software (Nonlinear Dynamics, Newcastle, UK) to facilitate meaningful data analysis, encompassing peak alignment, selection, normalization, and retention time (RT) correction. The resultant feature matrix comprised information on mass-to-charge ratio (m/z), RT, and peak intensities. Compound identification relied on precise m/z values, secondary fragments, and isotopic distribution, with reference to databases such as the Human Metabolome Database (HMDB) (http://www.hmdb.ca/), LIPID MAPS (version 2.3) (http://www.lipidmaps.org/), Metabolite Mass Spectral Database (METLIN) (http://metlin.scripps.edu/), and internally curated databases (EMDB) for qualitative analysis.

In order to delineate differences in metabolic profiles between the control group and individuals with newly diagnosed sarcopenia, orthogonal projection to latent structure with discriminant analysis (OPLS-DA) was utilized as a statistical approach. Simultaneously, the OPLS-DA model underwent validation using a 200-fold permutation test. This permutation test was evaluated through cross-validation, during which the correlation coefficients R2 and Q2 derived from the cross-validation procedure were examined to determine the likelihood of overfitting (23).

Variations in expression between groups were evaluated employing both multidimensional and single-dimensional analyses. The variable importance in projection (VIP) scores derived from OPLS-DA were employed to identify metabolites demonstrating significant biological disparities. Additionally, the statistical significance of these differentially expressed metabolites was confirmed through Student’s t-test. Metabolites with VIP scores exceeding 1.0 and P-values below 0.05 were considered potential biomarkers indicative of sarcopenia. The predictive accuracy of the model was assessed via the computation of the area under the receiver operating characteristic (ROC) curve (AUC). Furthermore, to elucidate the underlying mechanisms driving metabolic pathway alterations across distinct sample groups, the differentially expressed metabolites underwent metabolic pathway enrichment analysis utilizing the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.kegg.jp/kegg/pathway.html).

The baseline sociodemographic characteristics of both the control and newly diagnosed sarcopenia cohorts were juxtaposed employing an independent t-test for numerical variables and the chi-squared test for categorical variables. Data exhibiting a normal distribution were depicted as the mean along with the standard deviation (SD), whereas categorical variables were delineated as proportions. Statistical assessments were conducted using SPSS version 26.0 (SPSS Incorporation, Chicago, IL, USA), with significance threshold established at p < 0.05.






Results




Participants

During this study, 30 new-onset sarcopenia subjects and 30 non-sarcopenia subjects (control group) were eventually incorporated into our study. The primary characteristics of the population are delineated based on the cases and controls in Table 1. There were no statistically significant discrepancies noted in age, gender distribution, BMI, or other pertinent indicators across the groups, implying that individuals within each group were similar in baseline characteristics.


Table 1 | Baseline characteristics of the matched groups.







Multivariate statistical analysis

To analyze the metabolic changes between the new-onset sarcopenia and matched control groups, nontargeted metabonomics analysis was performed using LC−MS. OPLS-DA serves as a suitable model for discerning distinct origins in scenarios where multiple factors may influence metabolite profiles. Consequently, we established an OPLS-DA model utilizing the metabolic spectrum, revealing an evident tendency for segregation, as illustrated in Figure 1. Furthermore, additional permutation tests illustrated that the model was not overfitted, with R2= (0.0, 0.51) and Q2= (0.0, -0.42) (Figure 2). Taken together, these findings suggest a significant metabolic alteration between the new-onset sarcopenia group and the matched control group.




Figure 1 | OPLS-DA score plot comparing the new-onset sarcopenia group with the matched control group.






Figure 2 | Statistical validation of the OPLS-DA model by permutation testing with 200 iterations.







Metabolomic differences between the studied groups

As shown in Table 2, a total of 62 differentially expressed metabolites, including 34 downregulated and 28 upregulated differentially expressed metabolites, contributed significantly to the distinction between the control group and the new-onset sarcopenia group. The volcano plot displays both the p-value and fold change value (Figure 3), thereby substantiating the efficacy of differential metabolites. The majority of these distinct metabolites were identified as lipids and lipid-like molecules, along with organic acids and derivatives, which accounted for 45.2% and 24.2%, respectively (Figure 4). Hierarchical clustering was performed using the expression profiles of all metabolites demonstrating significant disparities (Figure 5). In this visualization, colors indicate elevated (red) or diminished (blue) levels of abundance, with intensity correlating to the respective concentration. These findings provide a more direct depiction of the associations among samples and the variations in metabolite expression across different samples.


Table 2 | The 62 differential metabolites associated with risk of sarcopenia.






Figure 3 | Volcano plot of the differential metabolites filtered by the univariate analysis between the new-onset sarcopenia and matched control groups.






Figure 4 | The pie chart illustrates the classification and quantity of significantly disturbed metabolites.






Figure 5 | Hierarchical clustering revealed the profiles of important differential metabolites in samples from the new-onset sarcopenia and matched control groups. Blue indicates decreased levels, while red indicates increased levels.







Evaluation of the metabolite panel for the diagnosis of sarcopenia

Univariate ROC curve analysis was conducted for the top 10 potential biomarkers. Among these, five metabolites exhibited areas under the ROC curve (AUCs) of at least 0.7 (Table 3). Notably, the three most discriminative metabolites with the highest accuracy were identified as hypoxanthine (AUC=0.819, 95% CI=0.711–0.927), L-2-amino-3-oxobutanoic acid (AUC=0.733, 95% CI=0.598–0.868), and PC(14:0/20:2(11Z,14Z)) (AUC= 0.717, 95% CI=0.587–0.846). We conducted a further analysis of the correlation between these three metabolites and the components of sarcopenia (muscle mass, grip strength, and walking speed). The results indicated that hypoxanthine is negatively correlated with walking speed, whereas L-2-amino-3-oxobutanoic acid and PC (14:0/20:2(11Z,14Z)) are positively correlated with both grip strength and walking speed.


Table 3 | The AUC values for metabolites.







Metabolic enrichment analysis and pathway analysis

We examined the metabolic pathways potentially implicated in the observed changes in metabolic profiles associated with new-onset sarcopenia. Through pathway enrichment analysis, we demonstrated that “purine metabolism”, “parathyroid hormone synthesis, secretion and action”, “choline metabolism in cancer”, and “tuberculosis” emerged as the most significantly perturbed pathways in new-onset sarcopenia (Figure 6).




Figure 6 | (A) Pathway analysis indicates that sphingolipid metabolism is the most statistically enriched pathway. (B) Metabolic pathway analysis based on plasma metabolites.








Discussion

In this prospective study, we systematically present the results of our longitudinal investigation into the associations between plasma metabolites and the onset of sarcopenia utilizing LC-MS-based untargeted metabonomics. This investigation includes a nested case–control study that specifically targets new-onset sarcopenia within a cohort study. We identified 62 metabolites that were correlated with an increased risk of developing new-onset sarcopenia. Among these, lipids and lipid-like molecules, as well as organic acids and derivatives, emerged as the predominant altered metabolites in individuals with new-onset sarcopenia compared to the control group. Currently, the few existing studies on non-targeted metabolomics of sarcopenia have yielded inconsistent results (8, 9, 15–18). The reason for the discrepancy is likely due to differences in lifestyle, such as exercise, sleep, diet, and psychological factors, as well as variations in populations and ethnicity. The top three metabolites demonstrating the highest discriminatory power between the groups were hypoxanthine, L-2-amino-3-oxobutanoic acid, and PC(14:0/20:2(11Z,14Z)). In summary, our study delineates a panel of 62 metabolic signatures, which can be broadly classified into four pathways: (1) purine metabolism; (2) parathyroid hormone synthesis, secretion and action; (3) choline metabolism in cancer; and (4) tuberculosis.




Relationship between the top three metabolites and sarcopenia

In this study, it was discovered that hypoxanthine levels were significantly elevated in the new-onset sarcopenia group compared to the control group, rendering it the most discriminative metabolite. Similarly, the studies by Shida T et al. (24) and Zhou J et al. (12) also observed higher hypoxanthine levels in the sarcopenia group compared to the non-sarcopenia group. Animal models of diabetes corroborate this hypothesis, as metabonomics analysis of atrophied quadriceps femoris muscles demonstrated significantly higher levels of hypoxanthine (25). In addition, previous investigations have reported that increases in circulating AdN degradation products are distinctive features of human sarcopenia (26–28), and hypoxanthine was one of the important AdN degradation products. Given that hypoxanthine originates from inosine metabolized by purine nucleoside phosphorylase activity (29), the observed elevations in the levels of inosine, xanthine, and hypoxanthine collectively indicate signs of oxidative stress within the muscle tissues of mice. Oxidative stress is recognized to play a pivotal role in the pathogenesis of sarcopenia (30).

L-2-amino-3-oxobutanoic acid emerged as the second metabolite with the highest discriminatory power between the groups. To our knowledge, there have been no previous reports of direct observations of L-2-amino-3-oxobutanoic acid in the context of sarcopenia. Previous research has indicated that L-2-amino-3-oxobutanoic acid is a downstream metabolite of glycine metabolism (31), and glycine has been shown in rodent models to reduce plasma insulin levels and decrease fat mass (32). Thus, we hypothesize that L-2-amino-3-oxobutanoic acid may be involved in the pathogenesis of sarcopenia through the modulation of glycine metabolism, potentially affecting insulin sensitivity, antioxidative, and anti-inflammatory capacities. However, we also note that only a few studies have linked L-2-amino-3-oxobutanoic acid to other metabolic diseases such as diabetes (33) and liver injury (31). Therefore, further research is warranted to elucidate the exact role and mechanisms of L-2-amino-3-oxobutanoic acid in the pathogenesis of sarcopenia.

In addition to hypoxanthine and L-2-amino-3-oxobutanoic acid, PC(14:0/20:2(11Z,14Z)) was also among the top three metabolites capable of discriminating between groups with the highest accuracy. It was found that lipids and lipid-like molecules emerged as the predominant altered metabolites in individuals with new-onset sarcopenia compared to the control group. These findings are consistent with the study by Chi JL et al. (3) and Zhou J et al. (12). In our cohort study, we observed that the abundances of nine PC species [for example, PC(14:0/20:2(11Z,14Z)), PC (16:0/20:3(8Z,11Z,14Z)), and PC (18:1(11Z)/16:1(9Z))] were markedly reduced in subjects with sarcopenia compared to those in the control group. Nonetheless, a prior investigation exploring the association between resting phosphorus metabolites and skeletal muscle mass noted that older adults with sarcopenia exhibited heightened levels of PCs (34). The variability in PCs levels may be attributed to the presence of unsaturated double bonds. Wang et al. suggested that a decline in the levels of PCs with greater unsaturated double bonds could be closely associated with an elevated risk of sarcopenia in elderly populations (35). Diminished levels of PCs may potentially contribute to the buildup of enlarged mitochondria, which could become impaired and resistant to standard degradation processes via the autophagosomal/lysosomal pathway. This could result in heightened production of reactive oxygen species, thereby potentially exacerbating the aging process. However, additional evidence is necessary to substantiate this novel speculation.





Relationship between the four enriched pathways and sarcopenia

In a previous study, it was suggested that metabolites showed remarkable enrichment of purine metabolism for KEGG pathway analysis (12), which supports our findings. Purine metabolism is integral to numerous physiological and pathological processes in mammals, encompassing the inflammatory response, oxidative stress reactions, and cancer (36, 37). The significance of inflammation and oxidative stress as pivotal factors in the pathogenesis of sarcopenia is widely acknowledged (38). KEGG pathway enrichment analysis indicated that hypoxanthine participated in this metabolic pathway. No study has investigated the role of parathyroid hormone synthesis in sarcopenia until now. Parathyroid hormone is a key regulator of calcium and phosphorus homeostasis. KEGG pathway enrichment indicated that 25(OH)D3 participates in this metabolic pathway. In our study, we observed higher plasma 25(OH)D3 levels in subjects with sarcopenia compared to healthy controls. This finding contradicts the findings of most studies, which have reported low 25(OH)D3 levels attributed to chronic inflammation or bacterial etiology (39). However, Zielińska et al. also found that 25(OH)D3 levels are elevated in inflammatory bowel diseases (40). Moreover, in an experimental model using C57BL/6 mice with induced muscle injury, the administration of excessive doses of 1α,25(OH)D3 or its intramuscular delivery did not show beneficial effects on muscle regeneration.it was observed to potentially have detrimental effects on satellite cell activity, ultimately compromising muscle fiber formation (41). In addition, the differentially expressed metabolite 25(OH)D3 also participates in the pathway of tuberculosis. The pathogenesis of sarcopenia in tuberculosis remains unknown. A thorough comprehension of the parathyroid hormone pathway’s involvement in tuberculosis can enhance our understanding of sarcopenia’s pathogenesis. In cancer, elevated levels of phosphocholine and total choline-containing compounds characterize the choline metabolite profile. Additionally, several studies have identified connections between choline metabolism in muscle tissue and both muscle protein synthesis and degradation. Therefore, further investigation into these metabolic pathways can advance our understanding of the pathological mechanisms underlying sarcopenia, thereby facilitating the development of more effective treatments.





Strengths and limitations

This study represents one of the initial attempts to explore the connections between plasma metabolic signatures and the susceptibility to sarcopenia in Asian populations using an untargeted metabonomics platform. The untargeted metabonomics approach facilitates the identification of a wide array of metabolites, which will enhance our comprehension of the comprehensive landscape of crucial metabolic pathway alterations in sarcopenia. However, it is important to acknowledge several limitations of our study. Firstly, our findings were derived from a single cohort with a restricted number of cases and controls. Due to the small sample size, the analysis was not adjusted for multiple comparisons. Future research endeavors should incorporate more targeted omics analyses in other thoroughly characterized cohorts or larger validation cohorts to corroborate these findings, while implementing multiple comparison correction techniques. Second, further investigations are warranted to elucidate the precise molecular mechanisms underlying the observed results. Specifically, the role of metabolites such as PCs in sarcopenia remains to be evaluated, and mechanistic studies are imperative to delineate the exact contribution of these metabolites to the pathogenesis of sarcopenia. Additionally, we did not observe significant associations between amino acid metabolism pathways and sarcopenia, possibly due to the relatively small sample size. Sarcopenia is a complex condition influenced by various genetic, lifestyle, and environmental factors. A relatively small sample size may limit the ability to capture the full spectrum of metabolic changes associated with sarcopenia. Finally, the short follow-up time was also a major limitation of this study. Consequently, we plan to extend the follow-up duration in future research to enhance the power to evaluate the risk factors.






Conclusion

In conclusion, we examined the connections between metabolic profiles and the susceptibility to sarcopenia utilizing LC-MS-based untargeted metabolomics methodologies. This investigation unveiled 62 early metabolic signatures and identified four metabolic pathways associated with sarcopenia, potentially enhancing the prognostication and prevention of sarcopenia in Chinese suburb-dwelling older adults. Notably, the top three metabolites, hypoxanthine, L-2-amino-3-oxobutanoic acid, and PC(14:0/20:2(11Z,14Z)), exhibit promise as novel plasma biomarkers for diagnosing sarcopenia. Nonetheless, these findings stem from a single, limited cohort, underscoring the necessity for future validation through robust, large-scale studies.
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Background

The global increase in the aging population presents considerable challenges, particularly regarding cognitive impairment, a major concern for public health. This study investigates the association between the triglyceride-glucose (TyG) index, a measure of insulin resistance, and the risk of cognitive impairment in the elderly.





Methods

This prospective cohort study enrolled 2,959 participants aged 65 and above from the 2015 and 2020 waves of the China Health and Retirement Longitudinal Study (CHARLS). The analysis employed a logistic regression model to assess the correlation between the TyG index and cognitive impairment.





Results

The study included 2,959 participants, with a mean age of 71.2 ± 5.4 years, 49.8% of whom were female. The follow-up in 2020 showed a decrease in average cognitive function scores from 8.63 ± 4.61 in 2015 to 6.86 ± 5.45. After adjusting for confounding factors, a significant association was observed between TyG index quartiles and cognitive impairment. Participants in the highest quartile (Q4) of baseline TyG had a higher risk of cognitive impairment compared to those in the lowest quartile (Q1) (odds ratio [OR]: 1.97, 95% confidence intervals [CI]: 1.28–2.62, P<0.001).





Conclusion

The study highlights a significant connection between elevated TyG index levels and cognitive impairment among older adults in China. These findings suggest that targeted interventions to reduce the TyG index could mitigate cognitive impairment and potentially lower the incidence of dementia.





Keywords: triglyceride glucose, cognitive impairment, elderly, insulin resistance, CHARLS




1 Introduction

The global aging phenomenon poses unprecedented challenges, notably in aggravating concerns associated with cognitive impairment (1–5). Cognitive impairment encompasses the reception and processing of information, characterized by memory loss, diminished understanding, impaired focus, and difficulties in calculation (6, 7). These cognitive alterations are regarded as the preclinical phase of dementia, possibly affected by factors like fasting glucose levels, physical performance, and other variables, highlighting its significance as a major public health concern (3, 8–10). Therefore, identifying risk factors to prevent cognitive impairment at early stages is essential (3, 6, 11–13).

There is growing evidence supporting the association between insulin resistance (IR) and the risk of cognitive decline (14–17). However, previous studies have primarily relied on the gold standard methods of insulin clamp and intravenous glucose tolerance test for diagnosing IR, which are not commonly performed in clinical settings (18–20).

The triglyceride-glucose (TyG) index, a readily available and cost-effective metric derived from triglyceride (TG) and fasting blood glucose (FBG) levels, has been recognized as a promising surrogate marker for IR (14, 18, 19, 21). Extensive epidemiological research has indicated significant links between the TyG index and various diseases, including cardiovascular diseases, cancers, and diabetes (22, 23). Nonetheless, the validity of the TyG index as an alternative indicator of IR in assessing its relationship with cognitive impairment is still in question. Prior investigations have largely concentrated on the TyG and cognitive function relationship within specific demographics, such as non-diabetic, gender-specific cohorts, or individuals living in rural areas, often focusing on specific cognitive domains (24–27).

This study, grounded in population-based research, seeks to explore the relationship between the TyG index and the occurrence of cognitive impairment in a wider elderly population. Utilizing the most recent cognitive function follow-up data from the 2020 China Health and Retirement Longitudinal Study (CHARLS) database, our work aims to offer an exhaustive and prolonged examination of this association across the entire elderly cohort. The study hypothesis is that elevated TyG index may be associated with cognitive impairment among older adults in China.




2 Materials and methods



2.1 Study population

The CHARLS is a comprehensive national study comprising five waves aimed at collecting health and social data from Chinese citizens aged 45 years and older (28). The CHARLS project aims to analyze the issue of population aging in China and promote interdisciplinary research on aging. CHARLS is a recurring survey conducted every 2 to 3 years. CHARLS employs a multi-stage probability proportional to size sampling approach, encompassing a sample frame of 450 villages, 150 counties, and 28 provinces. The study involves participation from over 20,000 individuals residing in approximately 10,000 households. Participants undergo face-to-face interviews at home using computer-assisted personal interviewing technology. Survey topics include basic demographic information of respondents and their families, intergenerational transfers within households, health status, medical insurance coverage, employment, income, expenditures, and assets. Additionally, CHARLS includes physical measurements and blood sample collection. Detailed information about CHARLS has been published in previous literature, and the CHARLS dataset is available for download on the CHARLS homepage at http://charls.pku.edu.cn/en. For our study, we used data from the 2015 and 2020 CHARLS surveys, with the former serving as the baseline. Initially, 5,511 participants aged 65 and older were selected from the database (25). To ensure the integrity of the data, we applied specific exclusion criteria: (1) participants with missing data on TG and FBG in 2015 (n = 1,844); (2) participants with missing data on cognitive function in 2015 and 2020 (n = 99); (3) participants with cognitive impairment in 2015 (n = 400); (4) ever having memory disorders or mental health conditions (n = 209). As a result, 2,959 participants satisfied all inclusion criteria and were incorporated into the study (Figure 1).




Figure 1 | Study flowchart. CHARLS, China Health and Retirement Longitudinal Study; TG, triglyceride; FBG, fasting blood glucose.



CHARLS received ethical approval from the Ethical Review Committee of Peking University (IRB00001052-11015). All participants provided informed consent by signing consent forms before taking part in the study.




2.2 Measurement of cognitive function and TyG index

Assessments of cognitive function were conducted during the follow-up surveys in 2015 and 2020, incorporating tests for episodic memory and mental acuity using a method akin to that employed in the American Health and Retirement Study (28). Participants were first asked to remember a list of ten words immediately after an interviewer read them aloud. Approximately 4 minutes later, they were asked to recall these words once more (delayed recall). The evaluation of episodic memory was based on the average scores from both the immediate and delayed recall tasks, with possible scores ranging from 0 to 10. For assessing mental acuity, participants completed a series of tasks including drawing a specific figure accurately, answering questions regarding the current date, season, and day of the week, and performing a serial subtraction task (subtracting 7 from 100 in five consecutive attempts). Each correct answer earned one point, culminating in a maximum possible score of 11 points (29, 30). The aggregate of these scores represented the participant’s overall cognitive status, with total scores varying between 0 and 21, where higher scores signified superior cognitive function. According to previous research, cognitive impairment was determined as a score 1.0 standard deviation or more below the mean value of cognitive function (31–33).

TG and FBG levels were measured using a standard enzymatic colorimetric method. The TyG index was computed as ln (fasting TG [mg/dL] × FBG [mg/dL]/2) (14, 34). Participants were categorized into four groups (Q1, Q2, Q3, and Q4) based on quartiles of their TyG index.




2.3 Covariates

Covariates were selected based on previous research, baseline differences, and clinical significance (26, 33, 35). The potential confounders considered included age, gender, body mass index (BMI), educational level (illiterate, elementary school, middle school, and higher), place of residence (urban and rural), alcohol consumption (more than once a month, less than once a month, never), smoking status (current, former, never), hypertension (yes/no), diabetes (yes/no), overall health status (poor, fair, good, very good, and higher), and cognitive function in 2015.




2.4 Statistical analysis

Descriptive statistics were employed to summarize the data, presented as the mean (standard deviation [SD]), median (interquartile range [IQR]), or count and percentage, as appropriate. The chi-square test was used to examine differences among categorical variables. For continuous variables adhering to a normal distribution, one-way analysis of variance (ANOVA) was utilized. When continuous variables did not follow a normal distribution, the Kruskal–Wallis test was applied. These statistical methods aimed to evaluate the disparities and relationships between variables in the study.

Participants were categorized into four groups based on quartiles of the TyG index: Q1 (<8.21), Q2 (≥8.21–8.55), Q3 (≥8.55–8.97), and Q4 (≥8.97). A logistic regression model was used to investigate the independent associations between the TyG index and cognitive impairment, with results presented as adjusted odds ratios (OR) with 95% confidence intervals (CI). Covariates were selected based on previous literature and clinical insight (26, 33, 35). Model 1 was unadjusted; Model 2 adjusted for age and gender; and Model 3 further adjusted for age, gender, BMI, educational level, residence, drinking and smoking status, hypertension, diabetes, overall health, and cognitive function in 2015. We have also utilized Cox regression as a sensitivity analysis to further bolster our research findings. A subgroup analysis also explored the relationship between the TyG index and cognitive impairment across specific subgroups, including gender (male and female), age (65–75 years and ≥75 years), BMI (<24 kg/m2 and ≥24 kg/m2) (25), presence of chronic diseases (0 and ≥1), and diabetes (yes and no).

The statistical significance was determined using two-tailed tests, with a significance threshold of < 0.05 for the p values. All statistical analyses were performed using R software, version 4.2.2, developed by the R Foundation for Statistical Computing, based in Vienna, Austria.





3 Results



3.1 Baseline characteristics

The current study comprised a cohort of 2,959 participants. The participants’ mean age was 71.2 ± 5.4 years, with 49.8% being female (n = 1,475). They were categorized into four groups according to the quartiles of the TyG index: Q1 (739), Q2 (740), Q3 (740), and Q4 (740). A majority of the participants lived in rural areas (59.5%) and had attained an elementary school level of education (47.8%). The average BMI was recorded at 23.85 ± 7.68 kg/m2, and the mean score for depressive symptoms was 8.05 ± 6.50. Furthermore, 32.8% of the participants reported a history of chronic diseases, whereas 56.1% identified as current smokers. Participants in the highest TyG index group displayed a higher BMI, a greater proportion of females, and a more prevalent history of ≥2 chronic diseases, notably diabetes and hypertension. Table 1 details the baseline characteristics more comprehensively.


Table 1 | Baseline characteristics according to TyG index level at 2015 wave.






3.2 Association between TyG index and cognition function

In the cognitive function assessments conducted in 2015, the average score was 8.63 ± 4.61. A follow-up visit in 2020 indicated a progressive decline in cognitive function scores to 6.86 ± 5.45 (Table 1). After adjusting for confounding variables, a significant relationship emerged between the TyG index quartiles and cognitive impairment. Participants in Q4 were found to have a higher risk of cognitive impairment compared to those in Q1 (OR: 1.97, 95% CI: 1.28–2.62, P < 0.001). Nevertheless, the associations between the TyG index in Q2 and Q3 quartiles and cognitive impairment did not reach statistical significance in the 2020 follow-up (P > 0.05) (Table 2).


Table 2 | The association between TyG index (quartiles) and the risk of cognitive impairment in 2020.






3.3 Subgroup and sensitivity analyses

The subgroup analysis demonstrated consistent outcomes across various stratified subgroups, such as gender, age, BMI, chronic diseases, and diabetes, with no significant interaction effects observed (P-interaction > 0.05). Participants in the highest quartile of the TyG index (Q4) exhibited an increased risk of cognitive impairment, with the exception of individuals characterized by a lower BMI, absence of chronic diseases, and male gender (Table 3). The sensitivity analysis yielded results consistent with the main findings, indicating a significant correlation between TyG index and cognitive impairment (Additional Table 1).


Table 3 | Subgroup and interaction analysis between the TyG index and cognitive impairment in 2020 across various subgroups.







4 Discussion

In this study, we observed a significant association between a higher TyG index and cognitive impairment in older adults (aged 65 years and above). A follow-up visit in 2020 revealed a gradual decline in cognitive function scores compared to the baseline in 2015. Stratified analysis by age, gender, BMI, chronic diseases, and diabetes showed that individuals with a higher TyG index faced a greater risk of cognitive impairment, with the exception of those with lower BMI, those without chronic diseases, and males. These findings suggest that a higher TyG index could be a potential risk factor for cognitive impairment in older adults, particularly in females and in those with higher BMI and chronic diseases.

The aging global population presents an unprecedented challenge, raising significant concerns (1–3). The rapid pace of aging intensifies the challenges associated with cognitive impairment (4, 5). The age-related decline in cognitive function has become a significant public health issue, leading to adverse health outcomes (11, 13). Cognitive impairment often manifests years before the onset of dementia, underscoring the need to explore its mechanisms and to implement preventive measures aimed at risk factors. Previous research has identified several key factors contributing to cognitive decline, including genetic predisposition, cardiovascular disease, and exposure to air pollution (36–40).

IR is characterized by reduced sensitivity and responsiveness to the effects of insulin, acting as a central factor in the emergence of various health issues, such as diabetes, cardiovascular diseases, and cognitive decline (3, 14). Moreover, some evidence suggests that IR is linked to an increased risk of cognitive decline (14–16). The hyperinsulinemic euglycemic clamp, despite its exceptional sensitivity in assessing the body’s response to insulin, is costly and complex, limiting its use in clinical environments. The homeostasis model assessment of insulin resistance (HOMA-IR), based on FPG and insulin measurements, is considered the gold standard for evaluating insulin sensitivity. However, the measurement of insulin levels is not commonly included in routine clinical practice, thereby restricting the use of HOMA-IR in such contexts. The TyG index, a practical measure of IR derived from TG and FBG levels, offers a cost-effective and accessible alternative for IR assessment, gaining widespread adoption in research (14, 18, 19). Epidemiological studies have linked the TyG index to various conditions, including cardiovascular diseases, cancers, and diabetes. Yet, the effectiveness of the TyG index as an indirect marker for IR in exploring its association with cognitive impairment remains to be fully ascertained.

Previous research on the TyG index and cognitive function has predominantly focused on specific demographic groups, such as non-diabetic individuals, gender-specific populations, and rural dwellers, often categorizing cognitive function into distinct domains (24–27). Utilizing data from the National Health and Nutrition Examination Survey (NHANES), Wei et al. found a notable correlation between a high TyG index and reduced cognitive function, as determined by the CERAD test, in non-diabetic elderly individuals in the United States (24). Similarly, a study among elderly residents in rural China linked elevated TyG index values with diminished cognitive performance and brain atrophy (25).

Our population-based study aimed to explore the relationship between the TyG index and cognitive impairment among the elderly population in China. Utilizing data from a continuous cohort, we collected information from consecutive cognitive assessments conducted in 2020. We found a significant association between a higher TyG index and cognitive impairment in older adults during the follow-up visits in 2020, especially pronounced in females, individuals with a higher BMI, and those suffering from chronic conditions. Additionally, our findings showed that cognitive function scores were lower in females than in males. These results align with previous research. Earlier investigations have consistently indicated that females are at a greater risk of cognitive impairments compared to males (3, 41, 42). A study examining a 5-year change in the TyG index and its impact on cognitive function found that females in the second quartile of longitudinal TyG index change exhibited a significant association with reduced cognitive performance as measured by the CERAD test (26). Moreover, it was noted that females have a higher vulnerability to cognitive impairment compared to males (3).

Several factors might elucidate the observed results, necessitating consideration of the underlying mechanisms. Insulin possesses the ability to traverse the blood-brain barrier through specific receptors, affecting both behavioral and metabolic functions (17, 43). IR represents a unique metabolic disorder often characterized by increased insulin levels, which can lead to neurodegeneration and persistent memory impairments due to prolonged exposure of brain neurons to elevated insulin levels (44). Furthermore, IR could diminish cerebral glucose metabolism in particular brain regions, possibly adversely affecting memory function in individuals (45). Some clinical studies have indicated that TG can cross the blood-brain barrier, potentially impairing cognitive function by inducing insulin receptor resistance (46). In our study, most female participants were postmenopausal, a phase associated with reduced estrogen levels. Previous research has identified estrogen as vital for learning and memory, providing neuroprotection and potentially enhancing cognitive function through estrogen therapy (47, 48). This could explain the more pronounced cognitive decline observed in females compared to males in our study. In the BMI-stratified analysis, the link between an elevated TyG index and cognitive impairment was observed solely in overweight and obese individuals, highlighting IR’s traditional association with obesity, which is closely related to brain atrophy (25). Additionally, a study examining the relationship between the TyG index and lower brain volume found this association exclusively in individuals with a BMI ≥24 kg/m2 (25).

The issue of cognitive impairment is becoming increasingly evident as the population ages. Serving as an early indicator of dementia, cognitive impairment is associated with a notably adverse prognosis, affecting individual quality of life and placing burdens on families and society. The early prevention of cognitive impairment is thus critical and urgent. Our research suggests that the TyG index could serve as an alternative marker of IR for predicting cognitive impairment in individuals over 65 years old in China, with a significant relationship observed between high TyG index and cognitive impairment. Targeted interventions could help in mitigating cognitive impairment, potentially decreasing the incidence of dementia. Additionally, further exploration into identifying more predictive risk factors for cognitive impairment is necessary to achieve the objective of early prevention.

This study has several limitations. First, it is important to recognize that the study was observational. Despite efforts to adjust for known confounders, the potential impact of unmeasured confounders on the outcomes cannot be disregarded. Therefore, the applicability of our findings may be somewhat restricted. Moreover, we evaluate cognitive function using episodic memory and mental acuity rather than clinical diagnosis. Comprehensive assessment across multiple dimensions is crucial for understanding overall cognitive function, highlighting limitations when evaluating solely based on episodic memory and mental acuity. However, these neuropsychological tests are widely regarded as reliable screening tools for measuring cognitive function and are extensively used in clinical practice (49). Finally, due to data availability limitations, our analysis was confined to a 5-year follow-up period from 2015 to 2020. Future studies should consider employing repeated-measures designs over longer durations and examining more potential pathways. Subsequent research is warranted to refine these findings further.




5 Conclusion

The results of this study reveal a notable association between elevated TyG index levels and the occurrence of cognitive impairment among the elderly Chinese demographic. The initiation of targeted intervention strategies may effectively mitigate cognitive impairment, potentially decreasing the prevalence of dementia.
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The novel chimeric multi-agonist peptide (GEP44) reduces energy intake and body weight in male and female diet-induced obese mice in a glucagon-like peptide-1 receptor-dependent manner
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We recently reported that a novel chimeric peptide (GEP44) targeting both the glucagon-like peptide-1 receptor (GLP-1R) and neuropeptide Y1- and Y2 receptor (Y1R and Y2R) reduced energy intake and body weight (BW) in diet-induced obese (DIO) rats. We hypothesized that GEP44 reduces energy intake and BW primarily through a GLP-1R dependent mechanism. To test this hypothesis, GLP-1R+/+ mice and GLP-1R null (GLP-1R-/-) mice were fed a high fat diet for 4 months to elicit diet-induced obesity prior to undergoing a sequential 3-day vehicle period, 3-day drug treatment (5, 10, 20 or 50 nmol/kg; GEP44 vs the selective GLP-1R agonist, exendin-4) and a 3-day washout. Energy intake, BW, core temperature and activity were measured daily. GEP44 (10, 20 and 50 nmol/kg) reduced BW after 3-day treatment in DIO male GLP-1R+/+ mice by -1.5 ± 0.6, -1.3 ± 0.4 and -1.9 ± 0.4 grams, respectively (P<0.05), with similar effects being observed in female GLP-1R+/+ mice. These effects were absent in male and female DIO GLP-1R-/- mice suggesting that GLP-1R signaling contributes to GEP44-elicited reduction of BW. Further, GEP44 decreased energy intake in both male and female DIO GLP-1R+/+ mice, but GEP44 appeared to produce more consistent effects across multiple doses in males. In GLP-1R-/- mice, the effects of GEP44 on energy intake were only observed in males and not females, suggesting that GEP44 may reduce energy intake, in part, through a GLP-1R independent mechanism in males. In addition, GEP44 reduced core temperature and activity in both male and female GLP-1R+/+ mice suggesting that it may also reduce energy expenditure. Lastly, we show that GEP44 reduced fasting blood glucose in DIO male and female mice through GLP-1R. Together, these findings support the hypothesis that the chimeric peptide, GEP44, reduces energy intake, BW, core temperature, and glucose levels in male and female DIO mice primarily through a GLP-1R dependent mechanism.
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Introduction

Obesity is a major worldwide health concern as it increases the risk of cardiovascular disease, obstructive sleep apnea, cancer, osteoarthritis, depression, COVID-19 related hospitalizations and type 2 diabetes. According to the NCD Risk Factor Collaboration, more than one billion people are obese worldwide (1). Approximately 1 in 2 US adults are predicted to have obesity by 2030 (2) and the costs to treat obesity in the US are estimated to be approximately 3 trillion/year by 2030 (3). More recently developed monotherapies to treat obesity such as the long-acting glucagon-like peptide-1 receptor (GLP-1R) agonists, liraglutide and semaglutide (4), produce more pronounced effects on weight loss relative to previous analogues. Weight loss in response to once-weekly treatment with semaglutide has ranged from ≈6.7% over 40 weeks (5) to ≈14.9% weight loss over 68 weeks (4). However, improvements still need to be made in terms of improving overall weight loss effectiveness over more prolonged periods [≈10.2% weight loss over 208 weeks (6)]. Furthermore, there is rapid recovery of weight when discontinued (7). This is likely due to the activation of counter-regulatory orexigenic mechanisms that increase energy intake and/or reduce energy expenditure to promote weight regain (8).

Recent studies suggest that combination therapy aimed at suppressing energy intake and/or increasing energy expenditure at low-dose or subthreshold dose combinations may be more effective for producing sustained weight loss than monotherapy (9) and may minimize the potential for unwanted side effects. The overall ineffectiveness of monotherapies to evoke prolonged weight loss in humans with obesity is assumed to occur, in part, by recruitment of robust orexigenic mechanisms that drive energy intake and decrease energy expenditure, resulting in body weight (BW) gain and thus preventing further weight loss. In addition to combination therapy, a recent innovative approach involves the targeting of two or more signaling pathways using a single compound such as monomeric multi-agonists (dual- or triple-agonists) based on glucose-dependent insulinotropic polypeptide (GIP) and GLP-1R agonists, with and without glucagon receptor (GCGR) agonism. One such drug, tirzepatide (Zepbound™), which targets both GLP-1R and and the GIP receptor (GIPR), was found to elicit a robust 20.9% and 25.3% weight loss in humans with obesity over 72- (10) and 88-week periods (11), and was recently approved by the FDA for weight management. Recent data indicate that the triple-agonist, retatrutide, which targets GLP-1R, GIPR and GCGR, was able to elicit 24.2% weight loss over 48-week period (12) (2 to 12 mg). While such therapies show considerable promise for effective and sustained reduction of BW during drug treatment, there are still mild to moderate adverse gastrointestinal side effects including nausea, diarrhea, abdominal pain and vomiting (10). Given the rise of the obesity epidemic in the US and worldwide, there remains an urgent need to develop newer and more effective anti-obesity treatment strategies in order to reduce obesity rates across a broader spectrum of the population. We recently designed the novel chimeric peptide, GEP44, which binds to GLP-1R, Y1R and Y2R (13). We found that systemic administration of GEP44 reduced energy intake and BW in both lean (14) and diet-induced obese rats (13, 14). Importantly, GEP44 also reduced energy intake at doses that were not associated with significant pica behavior (kaolin intake) in rats (14) or emesis in musk shrews (14). A critical remaining question is whether GEP44 reduces energy intake, BW, impacts thermogenesis and improves glucose homeostasis in a GLP-1R dependent manner, either alone or in-part. Given the role of GLP-1R in the control of energy intake and BW, we hypothesized that chimeric peptide GEP44 reduces energy intake and BW through a GLP-1R dependent mechanism. To test this hypothesis, we determined the extent to which GEP44 reduces energy intake and BW, impacts core temperature (core temperature as surrogate marker of energy expenditure) and gross motor activity and improves fasting blood glucose in male and female DIO mice that lack GLP-1R (GLP-1R-/-) relative to age-matched cohorts of male and female GLP-1R+/+ mice. Male and female mice were also weight-matched within a given cohort of GLP-1R-/- and GLP-1R+/+ mice prior to treatment. The selective GLP-1R agonist, exendin-4, was included as a control to assess GLP-1R mediated effects on energy intake (15).





Methods




Animals

GLP-1R+/- mice were initially obtained from Dr. Daniel Drucker (University of Toronto, Canada) and bred by Dr. Sakeneh Zraika at the Veterans Affairs Puget Sound Health Care System (VAPSHCS) to obtain GLP-1R+/+ and GLP-1R-/- (GLP-1R null) mice. Adult male and female mice (age: ~5.5-10 weeks) weighed, on average, 18.04 ± 0.04 grams and were 10.9 ± 0.03% fat at the time of body composition measurements prior to diet intervention. Mice were initially maintained on a chow diet [PicoLab® Rodent Diet 20 (5053)] (LabDiet®, St. Louis, MO; 13% kcal from fat). Mice were subsequently placed on a high fat diet (HFD) [60% kcal from fat; Research Diets, Inc., D12492i, New Brunswick, NJ] for approximately 4 months at which time body composition measurements were completed. Mice weighed, on average, 39.3 ± 0.04 grams and were 39.8 ± 0.03% fat at the time of body composition measurements prior to drug intervention. All animals were housed individually in Plexiglas cages in a temperature-controlled room (22 ± 2°C) under a 12:12-h light-dark cycle. All mice were maintained on a 11 a.m./11 p.m. reverse light cycle (lights off at 11 a.m./lights on at 11 p.m.). Mice had ad libitum access to water and HFD. The research protocols were approved both by the Institutional Animal Care and Use Committee of the Veterans Affairs Puget Sound Health Care System (VAPSHCS) and the University of Washington in accordance with NIH Guidelines for the Care and Use of Animals.





Drug preparation

GEP44 was synthesized in the Doyle lab as previously described (13). Fresh solutions of GEP44 and exendin-4 (ENZO; Farmingdale, NY) were prepared, frozen and thawed prior to the onset of each experiment (Study 1).





Implantation of G2 E-Mitter telemetry devices into abdominal cavity

At the age of 27-31.5 weeks (average age 28.8 ± 0.01 weeks), animals were anesthetized with isoflurane and subsequently underwent a sham surgery (no implantation) or received implantations of a sterile G2 E-Mitter (15.5 mm long x 6.5 mm wide; Starr Life Sciences Company) into the intraperitoneal cavity. The abdominal opening was closed with 5-0 Vicryl® absorbable suture and the skin was closed with Nylon sutures (5-0). Vetbond glue was used to seal the wound and bind any tissue together between the sutures. Sutures were removed within two weeks after the G2 E-Mitter implantation. All G2 E-Mitters were confirmed to have remained within the abdominal cavity at the conclusion of the study. Animals were grouped by genotype and sex and matched for body weight (Table 1), adiposity and post-surgical weight change prior to drug intervention.


Table 1 | Body weight (grams) in adult Male and Female GLP-1R+/+ and GLP-1R-/- mice post-dietary intervention at study onset.







Acute SC injections of GEP44 and Exendin-4

GEP44 (or saline vehicle; 3 mL/kg injection volume) or exendin-4 were administered immediately prior to the start of the dark cycle following 2 h of food deprivation. Mice underwent all treatments (unless otherwise noted). The study design consisted of sequential rounds of a 3-day baseline phase (vehicle treated), a 3-day treatment phase (single dose repeated over 3 days), and a washout phase (3 days). The 3-day treatment phase consisted of a dose escalation design beginning with the low dose (5 nmol/kg) over week 1 and ending with the high dose (50 nmol/kg) over the final week of the study (5, 10, 20 and 50 nmol/kg; GEP44 vs the selective GLP-1R agonist, exendin-4). A separate set of age- and weight-matched mice were treated with vehicle in place of drug in order to determine the impact of drug treatment on tail vein glucose, plasma hormones and thermogenic gene expression. BW was assessed daily approximately 3-h prior to the start of the dark cycle.





Body composition

Determinations of lean body mass and fat mass were made on conscious mice by quantitative magnetic resonance using an EchoMRI 4-in-1-700™ instrument (Echo Medical Systems, Houston, TX) at the VAPSHCS Rodent Metabolic Phenotyping Core.






Study protocols




Changes of BW and energy intake

DIO GLP-1R+/+ and GLP-1R-/- mice underwent a 3-day vehicle period, 3-day dose escalation drug treatment (5, 10, 20 and 50 nmol/kg; GEP44 vs the selective GLP-1R agonist, exendin-4) and a 3-day washout in sequential order with the same mice receiving the escalating dose. The selective GLP-1R agonist, exendin-4, was included as a control to assess GLP-1R mediated effects on energy intake (15). BW and energy intake were measured daily. BW change reflects the total change over each sequential 3-day vehicle and 3-day drug treatment period. Energy intake data was averaged throughout each sequential 3-day vehicle and 3-day drug treatment period. Note that energy intake was averaged across two-day vehicle treatments (prior to 20 and 50 nmol/kg) for one of the four cohorts used in the dose escalation studies.





Changes of core temperature and gross motor activity

Telemetry recordings of core temperature (surrogate marker of energy expenditure) and gross motor activity were measured from each mouse in the home cage immediately prior to injections and for a 6-, 12-, and 24-h period after injections. Core temperature and gross motor activity were recorded every 15 sec. The last hour of the light cycle (during which time energy intake, BW and drug administration occurred) was excluded from the telemetry analysis.

Core temperature and activity were averaged throughout each sequential 3-day vehicle and 3-day drug treatment period. Note that core temperature and activity energy intake were averaged across two-day vehicle treatments (prior to 20 and 50 nmol/kg) for one of the four cohorts used in the dose escalation studies.





Tissue collection for quantitative real-time PCR

Tissue [interscapular brown adipose tissue (IBAT) was collected from 3-h fasted mice at 2-h post-injection. Mice were euthanized with an overdose of ketamine cocktail at 2-h post-injection. Tissue was rapidly removed, wrapped in foil and frozen in liquid N2. Samples were stored frozen at -80°C until analysis. IBAT was collected within a 5-h window towards the end of the light cycle (9:00 a.m.-2:00 p.m.) as previously described in DIO CD® IGS/Long-Evans rats and C57BL/6J mice (16–18).





Blood collection

Blood samples [up to 1 mL] were collected by cardiac stick in chilled K2 EDTA Microtainer Tubes (Becton-Dickinson, Franklin Lakes, NJ) at 2-h post-injection. Whole blood was centrifuged at 6,000 rpm for 1.5-min at 4°C; plasma was removed, aliquoted and stored at −80°C for subsequent analysis.





Blood glucose measurements

Blood was collected at 2-h post-injection in a subset of mice for glucose measurements by tail vein nick and measured using a glucometer (AlphaTRAK 2, Abbott Laboratories, Abbott Park, IL) (16, 17).





Plasma hormone measurements

Plasma leptin, insulin and glucagon were measured using electrochemiluminescence detection [leptin/insulin: Meso Scale Discovery (MSD®), Rockville, MD] or (glucagon: Mercodia, Uppsala, Sweden) using established procedures (17, 19). Intra-assay coefficient of variation (CV) were 5.9%, 1.6% and 5.7% for leptin, insulin and glucagon. The range of detectability for the assays are as follows: 0.137-100 ng/mL (leptin), 0.069-50 ng/mL (insulin) and 0.002-0.183 ng/mL (glucagon). The data were normalized to historical values using a pooled plasma quality control sample that was assayed in each plate.





qPCR

RNA extracted from samples of IBAT was analyzed using the RNeasy Lipid Mini Kit (Qiagen Sciences Inc, Germantown, MD) followed by reverse transcription into cDNA using a high-capacity cDNA archive kit (Applied Biosystems, Foster City, CA). Quantitative analysis for relative levels of mRNA in the RNA extracts was measured in duplicate by qPCR on an Applied Biosystems 7500 Real-Time PCR system (Thermo Fisher Scientific, Waltham, MA) using the following TaqMan® probes (Thermo Fisher Scientific Gene Expression Assay probes): mouse Nono (catalog no. Mm00834875_g1), mouse UCP-1 (catalog no. Mm01244861_m1), mouse type 2 deiodinase (D2) (Dio2; catalog no. Mm00515664_m1), mouse G-protein coupled receptor 120 (Gpr120; catalog no. Mm00725193_m1), mouse cell death-inducing DNA fragmentation factor alpha-like effector A (Cidea; catalog no. Mm00432554_m1) and mouse peroxisome proliferator-activated receptor gamma coactivator 1 alpha (Ppargc1a; catalog no. Mm01208835_m1). Relative amounts of target mRNA were determined using the Comparative CT or 2-ΔΔCT method (20) following adjustment for the housekeeping gene, Nono. Specific mRNA levels of all genes of interest were normalized to the cycle threshold value of Nono mRNA in each sample and expressed as changes normalized to controls (vehicle treatment).






Statistical analyses

All results are expressed as mean ± SE. Planned comparisons within respective genotypes and sex between vehicle and drug (plasma measures, tail vein glucose, and gene expression data) involving between subjects design were made using one-way ANOVA. Planned comparisons within respective genotypes and sex to examine treatment means of vehicle and drug (BW change, energy intake, core temperature, activity and TIBAT) involving within-subjects designs were made using a one-way repeated-measures ANOVA. A two-way ANOVA was used to examine sex*drug interactive effects on BW change and energy intake. In addition, planned comparisons were used to examine sex differences on BW change and energy intake using a one-way ANOVA. Analyses were performed using the statistical program SYSTAT (Systat Software, Point Richmond, CA). Differences were considered significant at P<0.05, 2-tailed.





Results

The overall goal of these studies was to use the GLP-1R-/- mouse as a strategy to determine the extent to which chimeric peptide, GEP44, reduces BW and energy intake, impacts core temperature (as surrogate for energy expenditure) and activity, and improves glucose homeostasis through the GLP-1R in both male and female DIO mice. In addition, we incorporated use of the selective GLP-1R agonist, exendin-4, to assess GLP-1R mediated effects on BW, energy intake, core temperature, activity, and glucose levels in male and female DIO mice. DIO GLP-1R+/+ and GLP-1R-/- mice underwent a 3-day vehicle period, 3-day dose escalation drug treatment (5, 10, 20 and 50 nmol/kg; GEP44 vs the selective GLP-1R agonist, exendin-4) and a 3-day washout in sequential order with the same mice receiving the escalating dose. Energy intake, core temperature and activity were averaged throughout each sequential 3-day vehicle and 3-day drug treatment period. Note that energy intake, core temperature and activity were averaged across two-day vehicle treatments (prior to 20 and 50 nmol/kg) for one of the four cohorts used in the dose escalation studies.

Baseline BW-matching in Male and Female DIO GLP-1R+/+ and GLP-1R-/- Mice at Study Onset (post-dietary intervention/pre-drug treatment). By design, there were no differences in baseline BW between designated drug treatment groups (GEP44 vs exendin-4) of male GLP-1R+/+ mice [F(1,19) = 0.009, P=NS] or male GLP-1R-/- mice [F(1,18) = 0.682, P=NS] prior to drug treatment (Table 1). Similarly, there were also no differences in baseline BW between designated treatment groups (GEP44 vs exendin-4) of female GLP-1R+/+ mice [F(1,18) = 0.071, P=NS] or GLP-1R-/- mice [F(1,16) = 0.037, P=NS] prior to drug treatment (Table 1).




Body weight

Both male and female GLP-1R+/+ and GLP-1R-/- mice were weight-matched within respective groups prior to treatment onset (Table 1). GEP44 treatment reduced cumulative 3-day BW in both male (Figures 1A, B) and female DIO GLP-1R+/+ mice (Figures 1C, D), but these effects were absent in male and female DIO GLP-1R-/- mice. Specifically, GEP44 (10, 20 and 50 nmol/kg), reduced 3-day BW in DIO male GLP-1R+/+ mice by -1.5 ± 0.6, -1.3 ± 0.4 and -1.9 ± 0.4 grams, respectively (Figures 1A, B; P<0.05). GEP44 also reduced 3-day BW (10, 20 and 50 nmol/kg) in female GLP-1R+/+ mice by -0.5 ± 0.5 (P=0.053), -1.9 ± 0.4 and -1.3 ± 0.3 grams, respectively (Figures 1C, D; P<0.05).




Figure 1 | (A–D) Effects of the chimeric peptide, GEP44, on BW in male and female DIO GLP-1R+/+ and GLP-1R-/- mice. Mice were maintained on HFD (60% kcal from fat; N=10-11/group) for approximately 4 months prior to receiving SC injections of vehicle (sterile saline/water) followed by escalating doses of GEP44 (5, 10, 20 and 50 nmol/kg; 3 mL/kg injection volume). (A) Effect of GEP44 on change in BW in male HFD-fed DIO GLP-1R+/+ mice; (B) Effect of GEP44 on change in BW in male HFD-fed DIO GLP-1R -/- mice; (C) Effect of GEP44 on change in BW in female HFD-fed DIO GLP-1R+/+ mice; (D) Effect of GEP44 on change in BW in female HFD-fed DIO GLP-1R-/- mice. BW change reflects the total change over each sequential 3-day vehicle and 3-day drug treatment period. Data are expressed as mean ± SEM. *P<0.05 GEP44 vs. vehicle.



Similarly, the selective GLP-1R agonist, exendin-4, reduced BW only in male (Figures 2A, B; P<0.05) and female DIO GLP-1R+/+ mice (Figures 2C, D; P<.05) but not in male and female DIO GLP-1R -/- mice. Specifically, exendin-4 (5, 10, 20 and 50 nmol/kg) reduced BW in DIO male GLP-1R+/+ mice by -0.7 ± 0.5, -1.0 ± 0.4, -1.4 ± 0.3, and -1.5 ± 0.2 grams, respectively (Figures 1A, B; P<0.05). Exendin-4 also reduced BW (10, 20 and 50 nmol/kg) in female GLP-1R+/+ mice by -0.9 ± 0.6, -0.9 ± 0.3 and -1.5 ± 0.2 grams, respectively (Figures 1C, D; P<0.05).




Figure 2 | (A–D) Effects of the selective GLP-1R agonist, exendin-4, on BW in male and female DIO GLP-1R+/+ and GLP-1R-/- mice. Mice were maintained on HFD (60% kcal from fat; N=9-11/group) for approximately 4 months prior to receiving SC injections of vehicle (sterile saline/water) followed by escalating doses of exendin-4 (5, 10, 20 and 50 nmol/kg; 3 mL/kg injection volume). (A) Effect of exendin-4 on change in BW in male HFD-fed DIO GLP-1R+/+ mice; (B) Effect of exendin-4 on change in BW in male HFD-fed DIO GLP-1R-/- mice; (C) Effect of exendin-4 on change in BW in female HFD-fed DIO GLP-1R+/+ mice; (D) Effect of exendin-4 on change in BW in female HFD-fed DIO GLP-1R-/- mice. BW change reflects the total change over each sequential 3-day vehicle and 3-day drug treatment period. Data are expressed as mean ± SEM. *P<0.05 exendin-4 vs. vehicle.








Energy intake

GEP44 treatment significantly reduced energy intake only in male (Figures 3A, B) and female DIO GLP-1R+/+ mice (Figures 3C, D) but not in male (with exception of the lowest and highest dose) and female DIO GLP-1R -/- mice. GEP44 treatment decreased energy intake (10, 20 and 50 nmol/kg); P<0.005) in both male and female mice. Similar results on FI were obtained when normalizing to BW (Supplementary Figures 1A–D).




Figure 3 | (A–D) Effects of the chimeric peptide, GEP44, on energy intake (kcal/day) in male and female DIO GLP-1R+/+ and GLP-1R -/- mice. Mice were maintained on HFD (60% kcal from fat; N=10-11/group) for approximately 4 months prior to receiving SC injections of vehicle (sterile saline/water) followed by escalating doses of GEP44 (5, 10, 20 and 50 nmol/kg; 3 mL/kg injection volume). (A) Effect of GEP44 on energy intake in male HFD-fed DIO GLP-1R+/+ mice; (B) Effect of GEP44 on change on energy intake in male HFD-fed DIO GLP-1R-/- mice; (C) Effect of GEP44 on energy intake in male HFD-fed DIO GLP-1R+/+ mice; (D) Effect of GEP44 on energy intake in male HFD-fed DIO GLP-1R-/- mice. Energy intake was averaged throughout each sequential 3-day vehicle and 3-day drug treatment period. Data are expressed as mean ± SEM. *P<0.05 GEP44 vs. vehicle.



Exendin-4 treatment also significantly reduced energy intake in male (Figures 4A, B) and female DIO GLP-1R+/+ mice (Figures 4C, D) but not in male (with exception of the lowest dose) and female DIO GLP-1R -/- mice. Specifically, exendin-4 treatment decreased energy intake (10, 20 and 50 nmol/kg; P<0.05) in male GLP-1R+/+ mice and also tended to decrease energy intake at the low dose (5 nmol/kg) in male GLP-1R -/- mice (P=0.055). However, exendin-4 reduced energy intake in female GLP-1R+/+ mice across all doses (5, 10, 20 and 50 nmol/kg; P<0.05).




Figure 4 | (A–D) Effects of the selective GLP-1R agonist, exendin-4, on energy intake (kcal/day) in male and female DIO GLP-1R+/+ and GLP-1-/- mice. Mice were maintained on HFD (60% kcal from fat; N=9-11/group) for approximately 4 months prior to receiving SC injections of vehicle followed by escalating doses of GEP44 (5, 10, 20 and 50 nmol/kg; 3 mL/kg injection volume). (A) Effect of GEP44 on energy intake in male HFD-fed DIO GLP-1R+/+ mice; (B) Effect of GEP44 on change on energy intake in male HFD-fed DIO GLP-1R-/- mice; (C) Effect of GEP44 on energy intake in male HFD-fed DIO GLP-1R+/+ mice; (D) Effect of GEP44 on energy intake in male HFD-fed DIO GLP-1R-/- mice. Energy intake was averaged throughout each sequential 3-day vehicle and 3-day drug treatment period. Data are expressed as mean ± SEM. *P<0.05 exendin-4 vs. vehicle.



Similar results on energy intake were obtained when normalizing to BW (Supplementary Figures 2A–D).




Sex differences linked to effects of GEP44 and Exendin-4 on body weight and energy intake

There was a significant difference in the effectiveness of GEP44 to suppress energy intake in male and female GLP-1R+/+ mice with males showing the more pronounced effect of GEP44 to reduce energy intake at both 20 [F(1,19)= 6.524, P=0.019] and 50 nmol/kg [F(1,13)= 4.880, P=0.046]. Two-way repeated-measures ANOVA revealed a significant effect of sex [F(1,26) = 8.292, P=0.008] and treatment with GEP44 (20 nmol/kg) [F(1,26)= 32.110, P<0.01] on energy intake and a near significant interaction between sex and GEP44 on energy intake [F(1,26) = 3.112, P=0.089]. At the higher dose (50 nmol/kg) of GEP44, there was also a near significant effect of sex [F(1,26) = 3.902, P=0.059] and treatment with GEP44 [F(1,26) = 48.490, P<0.01] on energy intake but there was no significant interactive effect between sex and GEP44.

There was also a significant difference in the effectiveness of exendin-4 (5 nmol/kg) to reduce BW in male and female GLP-1R+/+ mice with males showing the more heightened effect [F(1,18) = 4.698, P=0.044]. Two-way ANOVA revealed, however, that despite the overall effect of sex [(F1,26) = 6.954, P=0.014], there was no overall significant effect of exendin-4 treatment [(F1,26) = 1.052, P=0.314] and no interactive effect between sex and exendin-4 treatment [(F1,26) = 0.460, P=0.504].





Changes of core temperature and gross motor activity

The analysis focused on the effects of GEP44 and exendin-4 on core temperature and activity at 6-h post-injection (dark cycle). We also discuss the extent to which these effects carried into the 12-h dark cycle, 11-h light cycle and 23-h post-injection period. Note that the last hour of the light cycle (hour 12) was excluded from the core temperature and activity analysis as this was during the time that the animals were being handled and injected.




Core temperature

GEP44 and exendin-4 both reduced core temperature over the 6-h post-injection period in male (Figure 5A; P<0.05) and female DIO GLP-1R+/+ mice (Figure 5C; P<0.05). Notably, similar results were observed during the 12-h dark cycle in response to GEP44 (10 and 20 nmol/kg) in male DIO GLP-1R+/+ mice (P<0.05; data not shown). GEP44 (10 nmol/kg) also reduced core temperature in male GLP-1R+/+ mice during the 23-h post-injection period (P<0.05; data not shown). However, the effect of GEP44 to reduce core temperature was observed only at the high dose in male GLP-1R-/- mice (50 nmol/kg; Figure 5B; P<0.05). GEP44 was unable to reduce core temperature in female GLP-1R-/- mice (Figure 5D; P=NS). However, GEP44 produced an unexpected stimulation of core temperature at the low dose in female GLP-1R-/- mice (Figure 5D; P<0.05). There was an effect of exendin-4 to reduce core temperature in male (Figure 6A; P<0.05) or female GLP-1R+/+ mice (Figure 6C; P<0.05) but not in GLP-1R-/- mice (Figures 6B, D; P=NS). Exendin-4 was largely without effect on core temperature during the 12-h dark, 11-h light and 23-h post-injection period in male DIO GLP-1R+/+ mice. It did, however, produce a slight elevation of core temperature during the light cycle (20 nmol/kg; P<0.05). GEP44 produced opposing effects on core temperature during the dark (decrease) and light (increase) cycles (20 nmol/kg) but was otherwise ineffective at altering core temperature during the 12-h dark, 11-h light and 23-h post-injection period in female DIO GLP-1R+/+ mice (P=NS).




Figure 5 | (A–D). Effects of the chimeric peptide, GEP44, on core temperature in male and female DIO GLP-1R+/+ and GLP-1R-/- mice. Mice were maintained on HFD (60% kcal from fat; N=8-9/group) for approximately 4 months prior to receiving SC injections of vehicle (sterile saline/water) followed by escalating doses of GEP44 (5, 10, 20 and 50 nmol/kg; 3 mL/kg injection volume). (A) Effect of GEP44 on change in core temperature in male HFD-fed DIO GLP-1R+/+ mice; (B) Effect of GEP44 on change in core temperature in male HFD-fed DIO GLP-1R -/- mice; (C) Effect of GEP44 on change in core temperature in female HFD-fed DIO GLP-1R+/+ mice; (D) Effect of GEP44 on change in core temperature in female HFD-fed DIO GLP-1R-/- mice. Core temperature was averaged throughout each sequential 3-day vehicle and 3-day drug treatment period. Data are expressed as mean ± SEM. *P<0.05 GEP44 vs. vehicle.






Figure 6 | (A–D) Effects of the selective GLP-1R agonist, exendin-4, on core temperature in male and female DIO GLP-1R+/+ and GLP-1R-/- mice. Mice were maintained on HFD (60% kcal from fat; N=6-9/group) for approximately 4 months prior to receiving SC injections of vehicle (sterile saline/water) followed by escalating doses of GEP44 (5, 10, 20 and 50 nmol/kg; 3 mL/kg injection volume). (A) Effect of exendin-4 on change in core temperature in male HFD-fed DIO GLP-1R+/+ mice; (B) Effect of exendin-4 on change in core temperature in male HFD-fed DIO GLP-1R-/- mice; (C) Effect of exendin-4 on change in core temperature in female HFD-fed DIO GLP-1R+/+ mice; (D) Effect of exendin-4 on change in core temperature in female HFD-fed DIO GLP-1R-/- mice. Core temperature was averaged throughout each sequential 3-day vehicle and 3-day drug treatment period. Data are expressed as mean ± SEM. *P<0.05 exendin-4 vs. vehicle.







Activity

GEP44 and exendin-4 both reduced activity over 6-h post-injection in male (Figure 7A; P<0.05) and female DIO GLP-1R+/+ mice (Figure 7C; P<0.05). Similar results also observed over the 12-h dark cycle in response to GEP44 in male and female DIO GLP-1R+/+ mice (P<0.05; data not shown). GEP44 (50 nmol/kg) also reduced activity during the 12-h dark and 23-h post-injection period in female DIO GLP-1R+/+ mice (P<0.05) but had no effect during the 11-h light post-injection period. The lower dose of GEP44 (20 nmol/kg) reduced activity only during the 12-h dark period (P<0.05). In addition, GEP44 continued to reduce core temperature during the 12-h dark (10 nmol/kg, 20 and 50 nmol/kg), 11-h light (5 nmol/kg) and 23-h post-injection periods (5, 10, and 50 nmol/kg) in female DIO GLP-1R+/+ mice (P<0.05). However, the effect of GEP44 to reduce activity was observed only at the low and high dose in male GLP-1R-/- mice (Figure 7B; P<0.05) and not in female GLP-1R-/- mice (Figure 7D; P=NS). There was an effect of exendin-4 to reduce activity in male (Figure 8A; P<0.05) and female GLP-1R+/+ mice (Figure 8C; P=NS) but not in GLP-1R-/- mice (Figures 8B, D; P=NS). Exendin-4 had no effect on activity in male GLP-1R+/+ during the 12-h dark, 11-h light or 23-h post-injection period. In contrast, exendin-4 reduced activity in female GLP-1R+/+ during the 12-h dark (20 and 50 nmol/kg; P<0.05), 11-h light [5 nmol/kg (P><0.05) and 20 nmol/kg (P=0.050)], and 23-h post-injection period (20 and 50 nmol/kg; P<0.05).




Figure 7 | (A–D). Effects of the chimeric peptide, GEP44, on activity in male and female DIO GLP-1R+/+ and GLP-1R-/- mice. Mice were maintained on HFD (60% kcal from fat; N=7-9/group) for approximately 4 months prior to receiving SC injections of vehicle (sterile saline/water) followed by escalating doses of GEP44 (5, 10, 20 and 50 nmol/kg; 3 mL/kg injection volume). (A) Effect of GEP44 on change in activity in male HFD-fed DIO GLP-1R+/+ mice; (B) Effect of GEP44 on change in activity in male HFD-fed DIO GLP-1R-/- mice; (C) Effect of GEP44 on change in activity in female HFD-fed DIO GLP-1R+/+ mice; (D) Effect of GEP44 on change in activity in female HFD-fed DIO GLP-1R-/- mice. Activity was averaged throughout each sequential 3-day vehicle and 3-day drug treatment period. Data are expressed as mean ± SEM. *P<0.05 GEP44 vs. vehicle.






Figure 8 | (A–D) Effects of the selective GLP-1R agonist, exendin-4, on activity in male and female DIO GLP-1R+/+ and GLP-1R-/- mice. Mice were maintained on HFD (60% kcal from fat; N=8-9/group) for approximately 4 months prior to receiving SC injections of vehicle (sterile saline/water) followed by escalating doses of GEP44 (5, 10, 20 and 50 nmol/kg; 3 mL/kg injection volume). (A) Effect of exendin-4 on change in activity in male HFD-fed DIO GLP-1R+/+ mice; (B) Effect of exendin-4 on change in activity in male HFD-fed DIO GLP-1R-/- mice; (C) Effect of exendin-4 on change in activity in female HFD-fed DIO GLP-1R+/+ mice; (D) Effect of exendin-4 on change in activity in female HFD-fed DIO GLP-1R-/- mice. Activity was averaged throughout each sequential 3-day vehicle and 3-day drug treatment period. Data are expressed as mean ± SEM. *P<0.05 exendin-4 vs. vehicle.








Tissue collection for quantitative real-time PCR

As an additional readout of GEP44 and exendin-4-elicited thermogenic effects in IBAT, relative levels of mRNA for UCP-1, Gpr120, Ppargc1a, Cidea, and Dio2 were compared by PCR in response to GEP44 (50 nmol/kg) and exendin-4 (50 nmol/kg) or vehicle treatment at 2-h post-injection in male (Table 2A) and female GLP-1R+/+ mice (Table 2C). We found that GEP44 increased Ppargc1a in male GLP-1R+/+ mice [F(1,20) = 7.506, P=0.013]. Similarly, GEP44 increased Ppargc1a in female GLP-1R+/+ mice [F(1,18) = 36.773, P<0.001]. In contrast, the effects of GEP44 on thermogenic gene expression were largely absent in male GLP-1R-/- mice (Table 2B). In addition, GEP44 stimulated GPR120 in female GLP-1R-/- mice (Table 2D).


Table 2 | (A–D) Changes in IBAT gene expression following GEP44 and Exendin-4 treatment in male and female DIO GLP-1R+/+ and GLP-1R-/- mice.




In female GLP-1R+/+ mice, exendin-4 increased UCP-1 [F(1,18) = 5.967, P=0.025], Gpr120 [F(1,18) = 10.744, P=0.004], and Ppargc1a [F(1,18) = 19.767, P<0.001] while the effects of exendin-4 on thermogenic gene expression were absent in male and female GLP-1R-/- mice.

We also implanted a subset of mice with temperature transponders (HTEC IPTT-300; BIO MEDIC DATA SYSTEMS, INC, Seaford, DE) underneath both IBAT pads in order to obtain a more functional measure of IBAT thermogenesis [IBAT temperature (TIBAT)] as previously described (17, 18). TIBAT was measured at 2, 3, 4, 5 and 6-h post-injection and averaged throughout each sequential 3-day vehicle and 3-day drug treatment period. Note that TIBAT was averaged across two-day vehicle treatments (prior to 20 and 50 nmol/kg) for one of the four cohorts used in the dose escalation studies. Similar to what we found with GEP44-elicited increases in IBAT thermogenic gene expression, we found that GEP44 (50 nmol/kg) also increased TIBAT at 240-min post-injection in male DIO GLP-1R+/+ mice (N=3/group; P<0.05) (Figure 9A). Likewise, exendin-4 (50 nmol/kg) also increased TIBAT at 180 and 360-min post-injection (N=4/group; P<0.05) (Figure 9B).




Figure 9 | (A, B) Effects of GEP44 and exendin-4 on IBAT temperature (TIBAT) in male DIO GLP-1R+/+ mice. (A) Effect of GEP44 on TIBAT in male DIO GLP-1R+/+ mice; (B) Effect of exendin-4 on TIBAT in male DIO GLP-1R+/+ mice. TIBAT data were collected at 2, 3, 4, 5 and 6-h post-injection and averaged throughout each sequential 3-day vehicle and 3-day drug treatment period. Data are expressed as mean ± SEM. *P<0.05 GEP44 or exendin-4 vs. vehicle.



Lower doses of exendin-4 largely reproduced the effects found at the higher dose (50 nmol/kg). Namely, exendin-4 (10 nmol/kg) tended to increase TIBAT at 300-min post-injection (P<0.05; data not shown) while the slightly higher dose (20 nmol/kg) increased TIBAT at 240-min post-injection (P<0.05; data not shown). Exendin-4 (20 nmol/kg) appeared to produce a reduction of TIBAT at 120-min post-injection (P<0.05; data not shown), but this was not observed at other doses. In contrast, GEP44 failed to produce significant effects on TIBAT at lower doses (data not shown).

Together, our findings suggest that while both GEP44 and exendin-4 increase BAT thermogenesis, the effects of exendin-4 on BAT thermogenesis (TIBAT) appeared to be longer lasting relative to GEP44.





Blood glucose and plasma hormones

Consistent with previous findings in rats, we found that that GEP44 also reduced tail vein glucose (collected at 2-h post-injection) in both male (Figure 10A) [F(1,14) = 39.938, P<0.05)] and female GLP-1R+/+ DIO mice (Figure 10B) [F(1,10) = 6.954, P<0.05]. Moreover, the effects of GEP44 to reduce tail vein glucose were absent in both male [F(1,5) = 28.122, P<0.05] and female GLP-1R-/- mice [F(1,2) = 28.189, P<0.05]. In addition, exendin-4 reduced fasting tail vein glucose in both male (Figure 10B) [F(1,14) = 41.690, P<0.05] and female GLP-1R+/+ DIO mice (Figure 10B) [F(1,9) = 7.241, P<0.05]. The reduction on blood glucose in response to GEP44 in both male and female GLP-1R+/+ mice appear to be mediated, at least in part, by a reduction of glucagon (Tables 3A, B). As was the case with GEP44, the effects of exendin-4 to reduce tail vein blood glucose were also blocked in male GLP-1R-/- mice [F(1,4) = 54.475, P<0.05]. The effect of exendin-4 to reduce glucose also appeared to be impaired in female GLP-1R-/- mice [F(1,1) = 78.797, P=0.071]. In addition, exendin-4 reduced plasma leptin in male DIO mice [F(1,12) = 8.522, P<0.05] (Table 3A) and tended to reduce leptin in female DIO mice [F(1,15) = 4.157, P=0.059] (Table 3B). Furthermore, GEP44 tended to reduce plasma leptin in female DIO mice [F(1,14) = 3.325, P=0.09] (Table 3B). In contrast, both GEP44 and exendin-4 failed to reduce plasma leptin in both male and female GLP-1R-/- mice (P=NS). Both GEP44 [F(1,14) = 5.405, P<0.05] and exendin-4 [F(1,15) = 5.151, P<0.05] also reduced total cholesterol in female DIO mice (Table 3B). These effects on total cholesterol also tended to be observed in response to both exendin-4 [F(1,14) = 5.169, P<0.05] and GEP44 [F(1,13) = 3.805, P=0.073] in female GLP-1R-/- mice (Table 3B).




Figure 10 | (A, B) Effects of GEP44 and exendin-4 on tail vein glucose in male and female DIO GLP-1R+/+ and GLP-1R-/- mice. (A) Effect of GEP44 and exendin-4 on tail vein glucose in male DIO GLP-1R+/+ and GLP-1R-/- mice; (B) Effect of GEP44 and exendin-4 on tail vein glucose in female DIO GLP-1R+/+ and GLP-1R-/- mice. Blood was collected by tail vein nick (glucose) at 2-h post-injection of VEH, exendin-4 (50 nmol/kg) or GEP44 (50 nmol/kg). Tail vein glucose was measured at 2-h post-injection in conscious mice. Data are expressed as mean ± SEM. *P<0.05 GEP44 or exendin-4 vs. vehicle.




Table 3 | (A, B) Effects of the chimeric peptide, GEP44 (50 nmol/kg) and the selective GLP-1R agonist, exendin-4 (50 nmol/kg), on plasma leptin, insulin, and total cholesterol in (A) male and (B) female DIO GLP-1R+/+ and GLP-1R-/- mice.









Discussion

Here we report effects of the novel chimeric peptide (GEP44), which targets GLP-1R, Y1R and Y2R, on energy intake, BW, thermoregulation (core temperature) and gross motor activity in DIO mice and characterize the extent to which these effects are mediated through GLP-1R. We tested the hypothesis that GEP44 reduces energy intake and BW through a GLP-1R dependent mechanism. We found that GEP44 reduced BW in both male and female DIO male GLP-1R+/+ mice whereas these effects were absent in male and female DIO GLP-1R-/- mice. These findings suggest that GLP-1R signaling contributes to GEP44-elicited reduction of BW in both male and female mice. Additionally, GEP44 decreased energy intake in both male and female DIO GLP-1R+/+ mice, but GEP44 produced more robust effects across multiple doses in males. These findings suggest that 1) GEP44 reduces BW, in part, through reductions in energy intake in DIO mice and 2) male mice might have enhanced sensitivity to the anorexigenic effects of GEP44. In GLP-1R-/- mice, the effects on energy intake were observed only at low and high doses in males suggesting that GEP44 may reduce energy intake in males, in part, through a GLP-1R independent mechanism. GEP44 reduced both core temperature and activity in both male and female GLP-1R+/+ mice suggesting that reductions in energy expenditure and/or spontaneous activity-induced thermogenesis may also contribute to the weight lowering effects of GEP44 in mice. Lastly, we show that GEP44 reduced fasting blood glucose in DIO male and female mice through GLP-1R signaling. Together, these findings support the hypothesis that the chimeric peptide, GEP44, reduces energy intake, BW, core temperature, and glucose levels, in part, through a GLP-1R dependent mechanism.

We extend previous findings from our laboratory (13, 14) and demonstrate that the effects of GEP44 to elicit weight loss in both male and female mice are primarily driven by GLP-1R. These effects are mediated, at least in part, by reductions of energy intake. Similar to GLP-1R driven effects of GEP44 on BW, based on our findings in both male and female GLP-1R-/- mice, the ability of GEP44 to reduce energy intake also appears to be largely mediated by GLP-1R. However, the finding that the low and high dose of GEP44 also reduced energy intake in male GLP-1R-/- mice suggests other mechanisms are involved in contributing to these effects. Given the role of Y2R in the control of energy intake and BW (21), and results showing synergism/additive effects between co-administered GLP-1R and Y2-R agonists (22, 23), it is likely that the Y2R is also playing a role in the beneficial effects of GEP44 in terms of BW.

We incorporated the use of exendin-4 as a positive control for GLP-1R mediated effects on both food intake and BW. Similar to what others have reported (15, 24), we also report that exendin-4 reduced BW and energy intake in both male and female DIO mice through GLP-1R signaling. Exendin-4 treatment appeared to be more effective at reducing BW in males at the lowest dose (5 nmol/kg). These findings are consistent with previous findings from Baggio and colleagues who reported that a single dose of exendin-4 (1.5 μg or 0.356 nmol/mouse) failed to reduce chow diet intake in male GLP-1R-/- mice (15). Another study also found that chronic subcutaneous administration of a single dose (0.126 mg/kg/day or 30 nmol/kg/day) also failed to reduce high fat diet intake and BW (vehicle corrected) in male GLP-1R-/- mice (24). In contrast to our studies, only a single dose of exendin-4 was examined in male mice in both studies (15, 24) and neither study examined the effects of exendin-4 in male and female DIO mice.

We also extend previous findings from our laboratory (13, 14) to demonstrate that GEP44 reduces core temperature (surrogate measure of energy expenditure) in both male and female mice, similar to what we described earlier herein following exendin-4 treatment. These data are also consistent with a previous report by Hayes and colleagues showing that the GLP-1R agonist, exendin-4, produced a long-lasting reduction of core temperature (hypothermia) that lasted for 4 hours following systemic [intraperitoneal (IP)] injections in rats (25). The hypothermic effects may be due, in part, to the reduced thermic effect of food (diet-induced thermogenesis) in exendin-4 and GEP44 treated mice. Furthermore, Baggio and colleagues (15) found that central and peripheral (IP; 1.5 μg or 0.356 nmol/mouse) administration of exendin-4 reduced VO2 and resting energy expenditure in adult male wild-type mice. These effects occurred over 2 and 21 hours following peripheral and central administration, respectively. Similarly, Krieger and colleagues found that peripheral exendin-4 reduced energy expenditure over 4-h post-injection in rats (26). In addition, van Eyk and colleagues found that liraglutide treatment reduced resting energy expenditure after 4 weeks of treatment in humans with type 2 diabetes (27). Gabery initially found that semaglutide reduced energy expenditure during the dark phase in DIO mice through treatment day 6 but these differences were no longer significant after adjusting for lean mass (28). Similarly, Blundell and colleagues initially found that semaglutide reduced resting energy expenditure after 12 weeks of treatment in humans but these effects were no longer significant after adjusting for lean mass (29). Despite previous reports indicating that acute central (ICV) administration of GLP-1 increases core temperature over 4-h post-injection (30), IBAT temperature over 6-h post-injection (31) and activates SNS fibers that innervate BAT (31), to our knowledge, the majority of studies that administered GLP-1R agonists peripherally have either found a reduction or no change in energy expenditure. Given the dearth of studies that have measured both core temperature and energy expenditure in the same group of animals, it will be important to measure both endpoints simultaneously in the same animal model. Ongoing studies are currently in the process of addressing the extent to which systemic administration of GEP44 and exendin-4 alters core temperature and more directly impacts energy expenditure (measured by indirect calorimetry) in male and female DIO rats.

In contrast to the effects of GEP44 and exendin-4 to reduce core temperature, we found that both GEP44 and exendin-4 stimulated thermogenic markers (biochemical readout of BAT thermogenesis) within IBAT and TIBAT (functional readout of BAT thermogenesis). It is not clear why GEP44 and exendin-4 elicited opposing effects on core temperature and TIBAT given that BAT thermogenesis helps maintain core temperature in other contexts such as fever or stress (32, 33). Future studies that examine temporal profile will help identify if the elevated BAT thermogenesis may be in response to the reduction of core temperature. Our findings, however, that exendin-4 stimulated thermogenic markers within IBAT and IBAT temperature are consistent with what others have found following systemic (intraperitoneal) exendin-4 (34) or liraglutide (35) administration in mice. On the other hand, Krieger (26) found that systemic (IP) exendin-4 reduced BAT thermogenesis, skin temperature above the interscapular area over 2-h post-injection and BAT Adrb3 in a rat model. Note that measurements of skin temperature above the interscapular area might not necessarily reflect TIBAT as the interscapular subcutaneous area may also be influenced by heating and cooling of the skin temperature. We found that the majority of thermogenic genes in IBAT were elevated in response to both GEP44 and exendin-4. Furthermore, our findings suggest that GEP44 may also elicit BAT thermogenesis through similar mechanisms (PPargc1a) in both male and female GLP-1R+/+ mice while exendin-4 may increase BAT thermogenesis via multiple thermogenic genes (UCP-1, Gpr120, and Ppargc1a) in female mice. In contrast to the effects of exendin-4 in GLP-1R+/+ mice, the chimeric peptide, GEP44, appears to promote BAT thermogenesis in both male and female GLP-1R+/+ mice through different genes. In contrast, GEP44 stimulated GPR120 only in female GLP-1R-/- mice raising the possibility that other receptor subtypes may contribute to these effects at the high dose in female mice. Overall, our findings suggest that systemic administration of both GEP44 and exendin-4 may promote BAT thermogenesis through different mechanisms in a mouse model. It will be important in future studies to examine if SNS outflow to BAT is a predominant mediator of GEP44 or exendin-4-elicited weight loss in male and female DIO mice.

Our findings also demonstrate that GEP44 reduced gross motor activity through what appears to be both GLP-1R and Y2R signaling in male mice; while this effect appears to be entirely mediated by GLP-1R in female mice. In contrast, we found that exendin-4 treatment reduces activity strictly through GLP-1R in both male and female mice, as anticipated. Similarly, others have also found that exendin-4 at lower [0.5-5 μg/kg (0.2-2 μg/rat, IP)] (36) or higher doses [30 μg/kg (9 μg/rat, IP)] (37) reduces locomotor activity in lean male Sprague Dawley rats (36, 37). While Hayes and colleagues (25) did not find any change in activity in response to exendin-4 at [3 μg/kg (0.9 μg/rat, IP)] in lean male Sprague-Dawley rats, it might be possible that differences in paradigm and/or timing of injections may account for discrepancies between studies. Given that we found reductions in both core temperature and gross motor activity, our data raise the possibility that reductions in spontaneous physical activity-induced thermogenesis (38) and/or shivering and non-shivering thermogenesis in skeletal muscle (39) may have contributed to the hypothermic effects of both GEP44 and exendin-4. Moreover, our findings indicate that GEP44 may produce GLP-1R independent effects on 1) activity in male mice and 2) core temperature in both male and female mice while exendin-4 appears to impact both activity and core temperature through GLP-1R dependent mechanism in both male and female mice.

We have now extended our previous findings on glucoregulation (14) by showing that the effects of GEP44 to reduce fasting blood glucose in DIO male and female mice were mediated, in part, by GLP-1R. In addition, the effects of peripheral GEP44 and exendin-4 to reduce cholesterol in female GLP-1R+/+ and GLP-1R-/- mice are also consistent with the potential GLP-1R and/or Y2-receptor mediated cholesterol lowering effects observed following the GLP-1R agonists, liraglutide (40) and exendin-4 (41, 42), Y2 receptor agonist, lipidated PYY3-36 analog, [Lys7(C16- γGlu)PYY3−36] (similar potency on Y2R as PYY3-36) (40), and dual GLP-1R/Y2 receptor agonists, 6q and peptide 19 (40), in DIO rodents.

One limitation to our studies is the lack of weight restricted or pair-fed controls for studies that assessed the effects of GEP44 and exendin-4 on gene expression as well as plasma measurements (total cholesterol, leptin, and glucose) in adult DIO male and female mice. As a result, it is possible that the effects of GEP44 and exendin-4 on thermogenic gene expression or glucose, total cholesterol or leptin lowering in DIO mice may also be due, in part, to the weight loss in response to GEP44 or exendin-4 treatment. In addition, we only collected TIBAT between 120 and 360 min-post-injection. It is possible that, due to absence of being able to measure TIBAT at earlier time points, we might have missed any potential hypothermic effects that might have preceded the elevations of TIBAT that occurred at the later time points. In addition, we were unable to assess the roles of Y1R or Y2R signaling more fully in contributing to the effects of GEP44. Future studies incorporating the use of Y2R deficient mice will be helpful in more fully establishing the role of Y2R signaling in the anorectic response to GEP44.

In summary, the results presented in this manuscript highlight the beneficial effects of the dual-agonist, GEP44, on BW, energy intake, and glucoregulation in adult male and female DIO mice at doses that have not been found to elicit visceral illness in rats or emesis in shrews (13, 14). Our findings further demonstrate that effects on changes of BW, energy intake, activity, and glucose levels are largely mediated through GLP-1R signaling. However, given that GEP44 may also elicit GLP-1R independent effects on 1) activity in male mice and 2) core temperature in both male and female mice, it is possible that other receptor subtypes, including the Y1R (43) and Y2R, may contribute to these effects. The findings to date indicate that GEP44 is a promising drug targeting limitations associated with current GLP-1R agonist medications (5, 44) for the treatment of obesity and/or T2DM.
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Supplementary Figure 1 | (A–D) Effects of the chimeric peptide, GEP44, on energy intake (kcal/gram BW) in male and female DIO GLP-1R+/+ and GLP-1R-/- mice. Mice were maintained on HFD (60% kcal from fat; N=10-11/group) for approximately 4 months prior to receiving SC injections of vehicle (sterile saline/water) followed by escalating doses of GEP44 (5, 10, 20 and 50 nmol/kg; 3 mL/kg injection volume). (A) Effect of GEP44 on energy intake in male HFD-fed DIO GLP-1R+/+ mice; (B) Effect of GEP44 on change on energy intake in male HFD-fed DIO GLP-1R-/- mice; (C) Effect of GEP44 on energy intake in male HFD-fed DIO GLP-1R+/+ mice; (D) Effect of GEP44 on energy intake in male HFD-fed DIO GLP-1R -/- mice. Energy intake (kcal/gram BW) was averaged throughout each sequential 3-day vehicle and 3-day drug treatment period. Data are expressed as mean ± SEM. *P<0.05 GEP44 vs. vehicle.

Supplementary Figure 2 | (A–D) Effects of the selective GLP-1R agonist, exendin-4, on energy intake (kcal/gram BW) in male and female DIO GLP-1R+/+ and GLP-1R-/- mice. Mice were maintained on HFD (60% kcal from fat; N=9-11/group) for approximately 4 months prior to receiving SC injections of vehicle followed by escalating doses of GEP44 (5, 10, 20 and 50 nmol/kg; 3 mL/kg injection volume). (A) Effect of GEP44 on energy intake in male HFD-fed DIO GLP-1R+/+ mice; (B) Effect of GEP44 on change on energy intake in male HFD-fed DIO GLP-1R-/- mice; (C) Effect of GEP44 on energy intake in male HFD-fed DIO GLP-1R+/+ mice; (D) Effect of GEP44 on energy intake in male HFD-fed DIO GLP-1R-/- mice. Energy intake (kcal/gram BW) was averaged throughout each sequential 3-day vehicle and 3-day drug treatment period. Data are expressed as mean ± SEM. *P<0.05 exendin-4 vs. vehicle.
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Previous studies indicate that CNS administration of oxytocin (OT) reduces body weight in high fat diet-induced obese (DIO) rodents by reducing food intake and increasing energy expenditure (EE). We recently demonstrated that hindbrain (fourth ventricular [4V]) administration of OT elicits weight loss and elevates interscapular brown adipose tissue temperature (TIBAT, a surrogate measure of increased EE) in DIO mice. What remains unclear is whether OT-elicited weight loss requires increased sympathetic nervous system (SNS) outflow to IBAT. We hypothesized that OT-induced stimulation of SNS outflow to IBAT contributes to its ability to activate BAT and elicit weight loss in DIO mice. To test this hypothesis, we determined the effect of disrupting SNS activation of IBAT on the ability of 4V OT administration to increase TIBAT and elicit weight loss in DIO mice. We first determined whether bilateral surgical SNS denervation to IBAT was successful as noted by ≥ 60% reduction in IBAT norepinephrine (NE) content in DIO mice. NE content was selectively reduced in IBAT at 1-, 6- and 7-weeks post-denervation by 95.9 ± 2.0, 77.4 ± 12.7 and 93.6 ± 4.6% (P<0.05), respectively and was unchanged in inguinal white adipose tissue, pancreas or liver. We subsequently measured the effects of acute 4V OT (1, 5 µg ≈ 0.99, 4.96 nmol) on TIBAT in DIO mice following sham or bilateral surgical SNS denervation to IBAT. We found that the high dose of 4V OT (5 µg ≈ 4.96 nmol) elevated TIBAT similarly in sham mice as in denervated mice. We subsequently measured the effects of chronic 4V OT (16 nmol/day over 29 days) or vehicle infusions on body weight, adiposity and food intake in DIO mice following sham or bilateral surgical denervation of IBAT. Chronic 4V OT reduced body weight by 5.7 ± 2.23% and 6.6 ± 1.4% in sham and denervated mice (P<0.05), respectively, and this effect was similar between groups (P=NS). OT produced corresponding reductions in whole body fat mass (P<0.05). Together, these findings support the hypothesis that sympathetic innervation of IBAT is not necessary for OT-elicited increases in BAT thermogenesis and reductions of body weight and adiposity in male DIO mice.
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Introduction

While the hypothalamic neuropeptide, oxytocin (OT), has a more clearly established role in the control of reproductive behavior (1) and prosocial behavior (2, 3), it has also been recognized as having an important role in the control of food intake and body weight (4–7). Although OT reduces body weight in part by decreasing energy intake, pair-feeding studies indicate that OT-elicited reductions of weight gain or weight loss cannot be fully explained by its ability to decrease energy intake (8–10). In these studies, pair-feeding appears to account for approximately 50% of the reduction of weight gain and/or weight loss observed with OT treatment (8–10)

Indeed, recent studies have shown that OT increases energy expenditure (EE) (11–14). While brown adipose tissue thermogenesis (BAT) is important in the control of EE [for review see (15, 16)], it is unclear whether OT’s effects on EE result primarily from 1) activation of non-shivering BAT thermogenesis, 2) spontaneous physical activity-induced thermogenesis (17), 3) shivering and non-shivering thermogenesis in skeletal muscle (18), or 4) endocrine factors [e.g. thyroid hormone, fibroblast growth factor-21, irisin (for review see (19, 20))]. We have found that acute third (3V) and fourth ventricular (4V) injections of OT increase interscapular BAT temperature (TIBAT), a functional readout of BAT thermogenesis in mice and rats (21, 22). Furthermore, the effects of chronic CNS administration of OT on TIBAT coincide with OT-elicited weight loss in diet-induced obese (DIO) rats (21). Sutton and colleagues demonstrated that use of designer drugs (DREADDs) technology to chemogenetically activate hypothalamic paraventricular nucleus (PVN) OT neurons increases both EE and tends to increase subcutaneous BAT temperature (P=0.13) in Oxytocin-Ires-Cre mice (23). Furthermore, Yuan et al. recently reported that peripheral administration of OT promotes BAT differentiation in vitro and the expression of genes involved in thermogenesis in IBAT in high fat diet-fed mice (24). On the other hand, reduced OT signaling is associated with obesity (14, 25–27), reductions of EE (13, 14, 27, 28) and deficits in BAT thermogenesis (28–31) in mice. Collectively, these findings support a role for increased BAT thermogenesis in OT-elicited weight loss in mice. What remains unclear is whether OT-elicited weight loss requires increased sympathetic nervous system (SNS) outflow to IBAT and whether this effect involves hindbrain OT receptors (OTRs). Here, we sought to clarify the role of SNS outflow to IBAT in mediating the effects of hindbrain OTR stimulation on both weight loss and BAT thermogenesis.

We hypothesized that OT-induced stimulation of SNS outflow to IBAT contributes to its ability to stimulate non-shivering BAT thermogenesis and elicit weight loss in DIO mice. We first confirmed the success of the IBAT denervation procedure by measuring IBAT norepinephrine (NE) content at 1-week post-denervation in lean mice. We subsequently determined if these effects can be translated to DIO mice at 1, 6 and 7-weeks post-sham/denervation. To assess the role of SNS innervation of BAT in contributing to OT-elicited increases in non-shivering thermogenesis in IBAT (as surrogate measure of energy expenditure), we examined the effects of acute 4V OT (1, 5 μg) on TIBAT in DIO mice following bilateral surgical SNS denervation to IBAT. We next determined if SNS innervation to IBAT contributes to OT-induced weight loss by measuring the effect of bilateral surgical or sham denervation of IBAT on the ability of chronic 4V OT (16 nmol/day over 29 days) or vehicle administration to reduce body weight and adiposity. We subsequently determined if these effects were associated with a reduction of adipocyte size and energy intake.





Methods




Animals

Adult male C57BL/6J mice were initially obtained from Jackson Laboratory [strain # 000664 (lean) or 380050 (DIO); Bar Harbor, ME] after having been maintained on a chow diet (~16 weeks; 25-35 grams upon arrival) or the high fat diet (HFD) for 4 months starting at 6 weeks of age (~22 weeks; 40-50 grams upon arrival). The chow diet provided 16% kcal from fat (~0.62% sucrose) (5LG4; LabDiet®, St. Louis, MO). The HFD provided 60% kcal from fat (~ 6.8% kcal from sucrose and 8.9% of the diet from sucrose) (Research Diets, Inc., D12492i, New Brunswick, NJ). All animals were housed individually in Plexiglas cages in a temperature-controlled room (22 ± 2°C) under a 12:12-h light-dark cycle. All mice were maintained on a 6 a.m./6 p.m. light cycle. Mice had ad libitum access to water and HFD. The research protocols were approved both by the Institutional Animal Care and Use Committee of the Veterans Affairs Puget Sound Health Care System (VAPSHCS) and the University of Washington in accordance with NIH Guidelines for the Care and Use of Animals.





Drug preparation

Fresh solutions of OT acetate salt were prepared the day of each experiment (Study 5). Fresh solutions of OT acetate salt (Bachem Americas, Inc., Torrance, CA) were solubilized in sterile water, loaded into Alzet® minipumps (model 2004; DURECT Corporation, Cupertino, CA) and subsequently primed in sterile 0.9% saline at 37° C for approximately 40 hours prior to minipump implantation based on manufacturer’s recommended instructions (Study 6-7). The beta 3 adrenergic receptor (β3-AR) agonist, CL 316243 (Tocris/Bio-Techne Corporation, Minneapolis, MN), was solubilized in sterile water each day of each experiment (Study 4).





SNS denervation procedure

A dissecting microscope (Leica M60/M80; Leica Microsystems, Buffalo Grove, IL) was used throughout the procedure. A 1” midline incision was made in the skin dorsally at the level of the thorax and continued rostrally to the base of the skull. Connective tissue was blunt dissected away from the adipose tissue with care to avoid cutting the large thoracodorsal artery that is located medially to both pads. Both left and right fat pads were separated from the mid line. Each fat pad was lifted up and the intercostal nerve bundles were located below. Once the nerves were located, a sharp point forceps was used to pull the nerve bundles straight up while using a 45 degree scissors to cut and remove 3-5 mm of nerves. The interscapular incision was closed with 4-0 non-absorbable monofilament Ethilon (nylon) sutures or with standard metal wound clips. Nerves were similarly identified but not cut for sham operated animals. Mice were treated pre-operatively with the analgesic ketoprofen (2 mg/kg; Fort Dodge Animal Health) prior to the completion of the denervation or sham procedure. This procedure was combined with transponder implantations for studies that involved IBAT temperature measurements in response to acute 4V injections (Study 5). Animals were allowed to recover for approximately 5-7 days prior to implantation of 4V cannulas. Note that surgical denervation was used in place of chemical denervation because chemical denervation can result in SNS terminal recovery within IBAT (32, 33) within only 10 days post-chemical denervation (32).





4V cannulations for acute injections

Animals were implanted with a cannula (P1 Technologies, Roanoke, VA) that was directed towards the 4V as previously described (22). Briefly, mice under isoflurane anesthesia were placed in a stereotaxic apparatus with the incisor bar positioned 4.5 mm below the interaural line. A 26-gauge cannula (P1 Technologies) was stereotaxically positioned into the 4V (5.9 mm caudal to bregma; 0.4 mm lateral to the midline, and 2.7 mm ventral to the skull surface) and secured to the surface of the skull with dental cement and stainless-steel screws.





4V cannulations for chronic infusions

Mice were implanted with a cannula within the 4V with a side port that was connected to an osmotic minipump (model 2004, DURECT Corporation) as previously described (22). Mice under isoflurane anesthesia were placed in a stereotaxic apparatus with the incisor bar positioned 4.5 mm below the interaural line. A 30-gauge cannula (P1 Technologies) was stereotaxically positioned into the 4V (5.9 mm caudal to bregma; 0.4 mm lateral to the midline, and 3.7 mm ventral to the skull surface) and secured to the surface of the skull with dental cement and stainless steel screws. A 1.2” piece of plastic Tygon™ Microbore Tubing (0.020” x 0.060”OD; Cole-Parmer) was tunneled subcutaneously along the midline of the back and connected to the 21-gauge sidearm osmotic minipump-cannula assembly. A stainless steel 22-gauge pin plug (Instech Laboratories, Inc.) was temporarily inserted at the end of the tubing during a two week postoperative recovery period, after which it was replaced by an osmotic minipump (DURECT Corporation) containing saline or OT. Mice were treated with the analgesic ketoprofen (5 mg/kg; Fort Dodge Animal Health) and the antibiotic enrofloxacin (5 mg/kg; Bayer Healthcare LLC., Animal Health Division Shawnee Mission, KS) at the completion of the 4V cannulations and were allowed to recover at least 10 days prior to implantation of osmotic minipumps.





Implantation of temperature transponders underneath IBAT

Animals were anesthetized with isoflurane and had the dorsal surface along the upper midline of the back shaved. The area was subsequently scrubbed with 70% ethanol followed by betadine swabs to sterilize/clean the area before a one-inch incision was made at the midline of the interscapular area. The temperature transponder (14 mm long/2 mm wide) (HTEC IPTT-300; BIO MEDIC DATA SYSTEMS, INC, Seaford, DE) was implanted underneath both IBAT pads as previously described (22) and secured in place by suturing it to the brown fat pad with sterile silk suture. HTEC IPTT-300 transponders were used in place of IPTT-300 transponders to enhance accuracy in our measurements. The IPTT-300 transponders are specified to be accurate to ± 0.4°C between 35°C and 39°C (± 1.0°C between 32°C and 42°C) while the HTEC IPTT-300 transponders are accurate to ± 0.2°C between 32°C and 42°C (personal communication with Geoff Hunt from BIO MEDIC DATA SYSTEMS). The interscapular incision was closed with Nylon sutures (5-0), which were removed in awake animals 10-14 days after surgery.





Acute 4V injections and measurements of TIBAT

OT (or saline vehicle; 1 μL injection volume) was administered into the 4V immediately prior to the start of the dark cycle following 4 hours of food deprivation. Animals remained without access to food for an additional 4 h during the TIBAT measurements to prevent the confounding effects of diet-induced thermogenesis on TIBAT. A handheld reader (DAS-8007-IUS Reader System; BIO MEDIC DATA SYSTEMS, INC) was used to collect measurements of TIBAT. The 4V injections were administered at 1 μL/min using an injection pump (Harvard Apparatus Pump II Elite; Harvard Apparatus, Holliston, MA) via a 33-gauge injector (P1 Technologies) connected by polyethylene 20 tubing to a 10-μL Hamilton syringe. Mice underwent all treatments (unless otherwise noted) in a randomized order separated by at least 48 hours between treatments.





Body composition

Determinations of lean body mass and fat mass were made on un-anesthetized mice by quantitative magnetic resonance using an EchoMRI 4-in-1-700™ instrument (Echo Medical Systems, Houston, TX) at the VAPSHCS Rodent Metabolic Phenotyping Core. Measurements were taken prior to 4V cannulations and minipump implantations as well as at the end of the infusion period.





Tissue collection for NE content measurements

Mice were euthanized by rapid conscious decapitation at 1-week (Studies 1-3), 6-weeks (Study 2), 7-weeks (Study 2, Study 6), 9-weeks (Study 4) or 10-11 weeks (Study 5) post-sham or denervation procedure. Trunk blood and tissues (IBAT, EWAT, IWAT, liver or pancreas) were collected from 4-h fasted mice. Tissue was rapidly removed, wrapped in foil and frozen in liquid N2. Samples were stored frozen at -80°C until analysis. Note that anesthesia was not used when collecting tissue for NE content as it can cause the release of NE from SNS terminals within the tissue (33). Thus, animals were euthanized by rapid conscious decapitation.





Norepinephrine content measurements (biochemical confirmation of IBAT denervation procedure)

NE content was measured in IBAT, EWAT, IWAT, liver and/or pancreas using previously established techniques (34). Successful denervation was noted by ≥ 60% reduction in IBAT NE content as previously noted (35). Experimental animals that did not meet this criterion were excluded from the data analysis.





Study protocols




Study 1A: determine the success of the surgical denervation procedure at 1-week post-sham or denervation in lean mice by measuring NE content

Mice underwent sham or bilateral surgical SNS denervation procedures and, to prevent the confounder of anesthesia on NE content, animals were euthanized by rapid conscious decapitation at 1-week post-sham or denervation procedure.





Study 1B: determine the success of the surgical denervation procedure at 10-12 weeks post-sham or denervation in lean mice by measuring thermogenic gene expression

Mice underwent sham or bilateral surgical SNS denervation procedures and were euthanized by rapid conscious decapitation at 1-week post-sham or denervation procedure.





Study 2: determine the success of the surgical denervation procedure at 1-, 6- and 7-weeks post-sham or denervation in DIO mice by measuring NE content

Mice were fed ad libitum and maintained on HFD for approximately 4.25 months prior to underdoing sham or SNS denervation procedures. In addition to weekly body weight measurements, body composition measurements were obtained at baseline and at 6 and 7-weeks post-denervation/sham procedures. Mice were euthanized by rapid conscious decapitation 1-, 6- and 7-weeks post-sham or denervation procedure.





Study 3: determine if SNS innervation of IBAT is reduced in age-matched obese mice relative to lean mice by measuring NE content

Chow-fed and HFD-fed mice were age-matched (~22 weeks; 30-35 grams or 40-50 grams upon arrival). Age-matched chow-fed and DIO mice were fed ad libitum and maintained on chow or HFD for 4.5 months and matched for both body weight and adiposity prior to undergoing sham (N=5/diet) or SNS denervation (N=5/diet) procedures. Mice were euthanized by rapid conscious decapitation at 1-week post-sham or denervation procedure.





Study 4: determine if surgical denervation of IBAT compromises the ability of the β3-AR agonist, CL 316243, to increase TIBAT in DIO mice

Mice were fed ad libitum and maintained on HFD for 4.5 months prior to underdoing sham or SNS denervation procedures and implantation of temperature transponders underneath the left IBAT depot. Mice were allowed to recover for at least 1 week during which time they were adapted to a daily 4-h fast, handling and mock injections. On an experimental day, 4-h fasted mice received CL 316243 (0.1 or 1 mg/kg; IP) or vehicle (sterile water; 1.5 mL/kg injection volume) during the early part of the light cycle in order to maximize the effects of CL 316243 during a time when circulating NE levels (36) and IBAT catecholamine levels are lower (37). Injections were completed in a crossover design at 7-day intervals such that each animal served as its own control (approximately 4-6 weeks post-sham or denervation procedures). TIBAT was measured at baseline (-2 h; 8:00 a.m.), immediately prior to IP injections (0 h; 9:45-10:00 a.m.), and at 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2, 3, 4, and 24-h post-injection (9:45-10:00 a.m.). Food intake and body weight were measured daily. This dose range was based on doses of CL 316243 found to be effective at reducing food intake and weight gain in rats (22, 38) (IP) and stimulating IBAT temperature in rats (22, 39) (IV, IP) and mice (IV) (40). Animals were euthanized by rapid conscious decapitation at 9-weeks post-sham or denervation procedure. Similar studies were also performed in lean mice (data not shown).

Likewise, we also examined the effects of systemic administration of the transient receptor potential channel melastatin family member 8 (TRPM8) agonist, icilin, which, may activate IBAT through a direct (41) or indirect mechanism (42) (data not shown). In addition, the effects of the sympathomimetic, tyramine, was also examined on TIBAT in DIO mice with intact or impaired SNS innervation of IBAT (Supplementary Study 1).





Study 5: determine the extent to which 4V OT-induced activation of sympathetic outflow to IBAT contributes to its ability to increase TIBAT in DIO mice

Mice were fed ad libitum and maintained on HFD for 4.25 months prior to undergoing sham or SNS denervation procedures and implantation of temperature transponders underneath the left IBAT depot. Mice were subsequently implanted 1 week later with 4V cannulas. Mice were allowed to recover for at least 2 weeks during which time they were adapted to a daily 4-h fast, handling and mock injections. On an experimental day, 4-h fasted mice received OT (1 or 5 μg/μl) or vehicle during the early part of the light cycle in order to maximize the effects of OT (14, 22) during a time when circulating NE levels (36) and IBAT catecholamine levels are lower (37). Injections were completed in a crossover design at approximately 48-h intervals such that each animal served as its own control (approximately 7-8 weeks post-sham or denervation procedures). TIBAT was measured at baseline (-2 h; 9:00 a.m.), immediately prior to 4V injections (0 h; 9:45-10:00 a.m.), and at 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2, 3, 4, and 24-h post-injection (10:00 a.m.). Food intake and body weight were measured daily. This dose range was based on doses of 4V OT found to be effective at stimulating TIBAT in DIO mice in previous studies (22). Mice were euthanized by rapid conscious decapitation at 10-11 weeks post-sham or denervation procedure.

Similar studies were also performed in lean mice (Supplementary Study 2). In addition, we examined the effectiveness of a systemic dose to recapitulate the effects of a 4V dose to increase TIBAT in lean mice (Supplementary Study 3). We next determined if the melanocortin 3/4 receptor (MC3/4R) agonist, melanotan II (MTII), which, along with the endogenous MC3/4R agonist, alpha-MSH, activate PVN OT neurons (43, 44) and act, in part, through OT signaling (43, 45), could recapitulate the effects of systemic OT on TIBAT in lean mice with intact or impaired SNS innervation of IBAT (data not shown).





Study 6A: determine the extent to which OT-induced activation of sympathetic outflow to IBAT contributes to its ability to elicit weight loss in DIO mice

Mice were fed ad libitum and maintained on HFD for 4.25-4.5 months prior to prior to undergoing sham or SNS denervation procedures and implantation of temperature transponders underneath the left IBAT depot. Mice subsequently received 4V cannulas and minipumps to infuse vehicle or OT (16 nmol/day) over 28 days as previously described (22). This dose was selected based on a dose of 4V OT found to be effective at reducing body weight in DIO mice (22). Daily food intake and body weight were also tracked for 28 days. Animals were euthanized by rapid conscious decapitation at 7 weeks post-sham or denervation procedure.





Study 6B: determine the extent to which OT-induced activation of sympathetic outflow to IBAT impacts thermogenic gene expression in IBAT, IWAT, and EWAT in DIO mice

Mice from Study 6A were used for these studies. All mice were euthanized by rapid conscious decapitation following a 4-h fast at 2-h post-injection.





Study 7: determine the extent to which systemic (subcutaneous) infusion of a centrally effective dose of OT (16 nmol/day) elicits weight loss in DIO mice

Mice were fed ad libitum and maintained on HFD for 4-4.25 months prior to prior to being implanted with a temperature transponder underneath the left IBAT depot. Mice were subsequently maintained on a daily 4-h fast and received minipumps to infuse vehicle or OT (16 nmol/day) over 28 days (22). This dose was selected based on a dose of 4V OT found to be effective at reducing body weight in DIO mice (22). Daily food intake and body weight were also tracked for 28 days. Mice were euthanized with intraperitoneal injections of ketamine cocktail [ketamine hydrochloride (390 mg/kg), xylazine (26.4mg/kg) in an injection volume up to 1 mL/mouse] prior to collection of blood (cardiac stick) and tissues (IBAT, EWAT, IWAT, gastrocnemius and brain). Tissue was otherwise treated identically to Studies 1-4 or processed for subsequent measurements of adipocyte size and UCP-1 (see below).






Blood collection

Blood samples [trunk blood (Study 3-6) or cardiac stick (Study 7)] were collected from 4-h (Study 2-7) or 6-h (Study 1B) fasted mice within a 2-h window towards the beginning of the light cycle (10:00 a.m.-12:00 p.m.) as previously described in DIO CD ® IGS and Long-Evans rats and C57BL/6J mice (21, 22, 46). Treatment groups were counterbalanced at time of euthanasia to avoid time of day bias. Blood samples [up to 1 mL] were collected by trunk blood or cardiac stick in chilled K2 EDTA Microtainer Tubes (Becton-Dickinson, Franklin Lakes, NJ). Whole blood was centrifuged at 6,000 rpm for 1.5-min at 4°C; plasma was removed, aliquoted and stored at −80°C for subsequent analysis.





Plasma hormone measurements

Plasma leptin and insulin were measured using electrochemiluminescence detection [Meso Scale Discovery (MSD®), Rockville, MD] using established procedures (21, 47). Intra-assay coefficient of variation (CV) for leptin was 4.2% and 1.9% for insulin. The range of detectability for the leptin assay is 0.137-100 ng/mL and 0.069-50 ng/mL for insulin. Plasma fibroblast growth factor-21 (FGF-21) (R&D Systems, Minneapolis, MN) and irisin (AdipoGen, San Diego, CA) levels were determined by ELISA. The intra-assay CV for FGF-21 and irisin were 2.3% and 9.3%, respectively; the ranges of detectability were 31.3-2000 pg/mL (FGF-21) and 0.078-5 μg/mL (irisin). Plasma adiponectin was determined by ELISA [Millipore Sigma (Burlington, MA)]. Intra-assay CV for adiponectin was 4.2%. The range of detectability for the adiponectin assay is 2.8-178 ng/mL. The data were normalized to historical values using a pooled plasma quality control sample that was assayed in each plate.





Blood glucose and lipid measurements

Blood was collected for glucose measurements by tail vein nick in 4-h fasted mice and measured with a glucometer using the AlphaTRAK 2 blood glucose monitoring system (Abbott Laboratories, Abbott Park, IL) (21, 48). Total cholesterol (TC) [Fisher Diagnostics (Middletown, VA)], free fatty acids (FFAs) [Wako Chemicals USA, Inc., Richmond, VA)] and free glycerol (FG) (Millipore Sigma) were measured using an enzymatic-based kits. Intra-assay CVs for TC, FFAs and FG were 1.5, 2.9, and 2.2%, respectively. These assay procedures have been validated for rodents (49).





Adipose tissue processing for adipocyte size

Adipose tissue depots were collected at the end of the infusion period from a subset of DIO mice from Study 6 (IBAT, IWAT, EWAT) and Study 7 (EWAT and IWAT). IBAT, IWAT, and EWAT depots were dissected and placed in 4% paraformaldehyde-PBS for 24 h and then placed in 70% ethanol (EtOH) prior to paraffin embedding. Sections (5 μm) sampled were obtained using a rotary microtome, slide-mounted using a floatation water bath (37°C), and baked for 30 min at 60°C to give approximately 15-16 slides/fat depot with two sections/slide.





Adipocyte size analysis

Adipocyte size analysis was performed on deparaffinized and digitized IWAT and EWAT sections. The average cell area from two randomized photomicrographs was determined using the built-in particle counting method of ImageJ software (National Institutes of Health, Bethesda, MD). Fixed (4% PFA), paraffin-embedded adipose tissue was sectioned. Slides were visualized using bright field on an Olympus BX51 microscope (Olympus Corporation of the Americas; Center Valley, PA) and photographed using a Canon EOS 5D SR DSLR (Canon U.S.A., Inc., Melville, NY) camera at 100X magnification. Values for each tissue within a treatment were averaged to obtain the mean of the treatment group.





Tissue collection for NE content measurements

Mice were euthanized by rapid conscious decapitation at 1-week (Studies 1-3), 6-weeks (Study 2), 7-weeks (Study 2, Study 6), 9-weeks (Study 4) or 10-11 weeks (Study 5) post-sham or denervation procedure. Trunk blood and tissues (IBAT, EWAT, IWAT, liver or pancreas) were collected from 4-h (Study 2-7) or 6-h (Study 1B) fasted mice. Tissue was rapidly removed, wrapped in foil and frozen in liquid N2. Samples were stored frozen at -80°C until analysis. Note that anesthesia was not used when collecting tissue for NE content as it can cause the release of NE from SNS terminals within the tissue (33).





Tissue collection for quantitative real-time PCR

Tissue (IBAT, IWAT and EWAT) was collected from a subset of 4-h (Study 2-7) or 6-h (Study 1B) fasted mice in Study 4-7. In addition, mice from Study 7 were euthanized with an overdose of ketamine cocktail prior to tissue collection. IBAT, IWAT, EWAT, gastrocnemius and brains were collected within a 2-h window towards the start of the light cycle (10:00 a.m.-12:00 p.m.) as previously described in DIO CD ® IGS/Long-Evans rats and C57BL/6J mice (21, 22, 46). Tissue was rapidly removed, wrapped in foil and frozen in liquid N2. Samples were stored frozen at -80°C until analysis.





qPCR

RNA extracted from samples of IBAT and IWAT (Studies 4-7) were analyzed using the RNeasy Lipid Mini Kit (Qiagen Sciences Inc, Germantown, MD) followed by reverse transcription into cDNA using a high-capacity cDNA archive kit (Applied Biosystems, Foster City, CA). Quantitative analysis for relative levels of mRNA in the RNA extracts was measured in duplicate by qPCR on an Applied Biosystems 7500 Real-Time PCR system (Thermo Fisher Scientific, Waltham, MA) and normalized to the cycle threshold value of Nono mRNA in each sample. The TaqMan® probes used in the study were Thermo Fisher Scientific Gene Expression Assay probes. The probe for mouse Nono (Mm00834875_g1), UCP-1 (catalog no. Mm01244861_m1), UCP-2 (catalog no. Mm00627599_m1), UCP-3 (catalog no. Mm01163394_m1), β1-AR (Adrb1; catalog no. Mm00431701_s1), β2-AR (Adrb2; catalog no. Mm02524224_s1), β3-AR (Adrb3; catalog no. Mm02601819_g1), alpha-2 adrenergic receptor (Adra2a; catalog no. Mm07295458_s1),type 2 deiodinase (D2) (Dio2; catalog no. Mm00515664_m1), cytochrome c oxidase subunit 8b (Cox8b; catalog no. Mm00432648_m1), G-protein coupled receptor 120 (Gpr120; catalog no. Mm00725193_m1), bone morphogenetic protein 8b (bmp8b; catalog no. Mm00432115_g1), cell death-inducing DNA fragmentation factor alpha-like effector A (Cidea; catalog no. Mm00432554_m1), peroxisome proliferator-activated receptor gamma coactivator 1 alpha (Ppargc1a; catalog no. Mm01208835_m1) were acquired from Thermo Fisher Scientific. Relative amounts of target mRNA were determined using the Comparative CT or 2-ΔΔCT method (50) following adjustment for the housekeeping gene, Nono.





Transponder placement

All temperature transponders were confirmed to have remained underneath the IBAT depot at the conclusion of the study.





Statistical analyses

All results are expressed as means ± SE. Comparisons between multiple groups involving between subjects design were made using one-way ANOVA as appropriate, followed by a post-hoc Fisher’s least significant difference test. Comparisons involving within-subjects designs were made using a one-way repeated-measures ANOVA followed by a post-hoc Fisher’s least significant difference test. Analyses were performed using the statistical program SYSTAT (Systat Software, Point Richmond, CA). Differences were considered significant at P<0.05, 2-tailed.






Results




Study 1A: determine the success of the surgical denervation procedure at 1-week post-sham or denervation in lean mice

The goal of this study was to verify the success of the SNS denervation of IBAT procedure in lean mice by confirming a reduction of NE content that was specific to IBAT relative to other tissues (IWAT and liver). By design, mice were lean as determined by body weight (25.4 ± 0.3 g). There was no difference in body weight between sham and denervation groups prior to surgery (sham: 25.8 ± 0.3 g vs denervation: 25.1 ± 0.5 g) [(F(1,8) = 1.923, P=0.203)] or at 1-week post-surgery (sham: 26.3 ± 0.4 g vs denervation: 26.1 ± 0.7 g) [(F(1,8) = 0.021, P=0.888)].

IBAT NE content was reduced by 99.6 ± 0.2% at 1-week post-denervation [(F(1,8) = 12.358, P=0.008)] (Figure 1) relative to IBAT from sham operated mice. In contrast, NE content was unchanged in IWAT or liver in denervated mice relative to sham mice (P=NS). We also repeated this study in a separate group of lean mice and found a similar reduction of IBAT NE content (99.2 ± 0.4%) at 1-week post-denervation relative to sham operated mice [(F(1,8) = 73.438, P=0.000)].




Figure 1 | Effect of IBAT surgical denervation procedure on IBAT NE content at 1-week post-sham or IBAT denervation in lean mice. Mice were maintained on chow for approximately 2.5 months prior to undergoing a sham (N=5/group) or bilateral surgical IBAT denervation (N=5/group) procedures and were euthanized at 1-week post-sham or denervation procedure. NE content was measured from IBAT, IWAT and liver. Data are expressed as mean ± SEM. *P<0.05 denervation vs sham.







Study 1B: verify the success of the surgical denervation procedure at 10-12 weeks after IBAT surgical denervation or sham denervation in lean mice by measuring thermogenic gene expression

The goal of this study was to determine the 1) verify the success of the SNS denervation of IBAT procedure in lean mice using a separate biochemical marker (IBAT thermogenic gene expression) and 2) confirm that these changes would persist for extended periods of time out to 10-12 weeks. There was no difference in body weight between sham and denervation groups prior to surgery (sham: 43.8 ± 1.3 g vs denervation: 43.0 ± 0.98 g) [(F(1,17) = 0.238, P=0.632)] or at 10-12 weeks post-surgery (sham: 50.5 ± 2.0 g vs denervation: 49.3 ± 1.1 g) [(F(1,17) = 0.292, P=0.596)].

IBAT NE content was reduced in denervated mice by 96.1 ± 3.3% at 10-12 weeks after IBAT surgical denervation relative to sham-operated control mice [(F(1,2) = 87.393, P=0.011). Only a subset of samples (N=4 out of 20) were able to be screened for NE content but all tissue samples were included in the IBAT (N=20 out of 20), IWAT (N=9 out of 20) and EWAT (N=9 out of 20) gene expression analysis.




IBAT

There was a reduction of 9 out of the 13 measured mRNA levels of genes from IBAT of denervated mice relative to IBAT from sham operated mice (P<0.05; Table 1A).There were significant reductions of IBAT UCP-1 [(F(1,7) = 38.1, P<0.001)], Dio2 [(F(1,7) = 12.669, P=0.009)], Gpr120 [(F(1,7) = 65.965, P<0.001)], Adrb3 [(F(1,7) = 65.916, P<0.001)], Adrb1 [(F(1,7) = 8.015, P=0.025)], Acox1 [(F(1,7) = 58.261, P<0.001)], bmp8b [(F(1,7) = 19.636, P=0.003)], cox8b [(F(1,6) = 16.403, P=0.007)] and UCP-3 mRNA expression [(F(1,7) = 57.665, P<0.001)]. There were no significant differences in IBAT CIDEA, PPARGC1, PPARA and PRDM16 mRNA expression between sham and denervation groups (P=NS).


Table 1A | Changes in IBAT mRNA expression following IBAT denervation.




Table 1B | Changes in IWAT mRNA expression following IBAT denervation.




Table 1C | Changes in EWAT mRNA expression following IBAT denervation.



The findings pertaining to IBAT UCP-1 gene expression in surgically denervated mice is consistent with what others have reported with IBAT UCP-1 protein expression from hamsters (51) and mice (52) following chemical (6-OHDA)-induced denervation of IBAT relative to control animals. Similarly, there was a reduction of IBAT UCP-1 mRNA following unilateral or bilateral surgical denervation in hamsters (53) and mice (54, 55), respectively. Similar to our findings, others also found a reduction of IBAT Dio2 and Adrb3 following bilateral surgical denervation in mice (54).





IWAT

IWAT UCP-1 [(F(1,2) = 11.131, P=0.079)] tended to be elevated in denervated mice relative to sham operated mice (Table 1B). There were no significant differences in the mRNAs of any of the other thermogenic markers (P=NS; Table 1B).





EWAT

There tended to be a reduction of UCP-1 in denervated mice compared to sham operated mice [(F(1,2) = 7.000, P=0.118)] (Table 1C). There were no significant differences in the mRNA levels of any of the other thermogenic genes (P=NS; Table 1C).






Study 2: determine the success of the surgical denervation procedure at 1, 6 and 7-weeks post-sham or denervation in DIO mice

The goal of this study was to 1) verify the success of the SNS denervation procedure in DIO mice by confirming a reduction of NE content that was specific to IBAT relative to other tissues (IWAT, liver and pancreas) and 2) confirm that these changes would persist for 7 weeks. By design, DIO mice were obese as determined by both body weight (45.1 ± 1.1 g) and adiposity (14.9 ± 0.8 g fat mass; 32.9 ± 1.3% adiposity) after maintenance on the HFD for approximately 4.5 months prior to sham/denervation procedures. Sham and denervation groups were matched for body weight, fat mass and lean mass such that there were no differences in baseline body weight, lean mass or fat mass between groups prior to surgery (data not shown; P=NS).

IBAT NE content was reduced by 95.9 ± 2.0, 77.4 ± 12.7 and 93.6 ± 4.6% at 1- [(F(1,8) = 19.636, P=0.002)], 6- [(F(1,8) = 20.532, P=0.002)] and 7-weeks [(F(1,8) = 34.586, P<0.0001)] post-denervation (Figure 2) relative to IBAT from sham operated mice. In contrast, NE content was unchanged in IWAT, liver or pancreas in denervated mice relative to sham mice (P=NS).




Figure 2 | Effect of IBAT surgical denervation procedure on IBAT NE content at 1-, 6- and 7-weeks post-sham or IBAT denervation in DIO mice. Mice were maintained on a HFD (60% kcal from fat) for approximately 4.25 months prior to undergoing sham (N=5/group) or bilateral surgical IBAT denervation (N=5/group) procedures and were euthanized at (A) 1-, (B) 6- and (C) 7-weeks post-sham (N=15/group) or denervation procedures (N=15/group). NE content was measured from IBAT, IWAT, liver and pancreas. Data are expressed as mean ± SEM. *P<0.05, †0.05<P<0.1 denervation vs sham.



There were no significant differences in baseline body weights [(F(5,24) = 0.322, P=NS), fat mass [(F(5,24) = 0.106, P=NS), or lean mass [(F(5,24) = 0.304, P=NS) between sham and denervation groups. In addition, there were also no significant differences in body weights between sham and denervation groups at 1- [(F(1,8) = 0.353, P=NS), 6- [(F(1,8) = 1.230, P=NS) and 7-weeks [(F(1,8) = 0.109, P=NS) post-surgeries. In addition, there were also no significant differences in fat mass at 1- [(F(1,8) = 0.353, P=NS), 6- [(F(1,8) = 1.230, P=NS) and 7-weeks [(F(1,8) = 0.109, P=NS) post-denervation relative to sham operated mice. Similarly, no differences were found in lean mass at 1- [(F(1,8) = 0.141, P=NS)], 6- [(F(1,8) = 0.015, P=NS)] and 7-weeks [(F(1,8) = 0.009, P=NS)] post-denervation relative to sham operated mice. These findings are in agreement with others who have reported no difference in body weight (51, 52, 54–56) or fat mass (52, 55) in hamsters or mice following bilateral surgical or chemical denervation of IBAT.





Study 3: determine if SNS innervation of IBAT is reduced in age-matched obese mice relative to lean mice

The goal of this study was to determine if SNS innervation to IBAT is reduced in the obese state relative to lean animals. Given that SNS activation of BAT and BAT activity decline with age [(57); for review see (58)], DIO mice were age-matched to lean chow-fed control mice. By design, DIO mice were obese as determined by both body weight (46.4 ± 1.2 g) and adiposity (17.8 ± 0.7 g fat mass; 38.3 ± 0.8% adiposity) relative to age-matched chow-fed control mice (33.1 ± 0.4 g) and adiposity (6.3 ± 0.4 g fat mass; 18.9 ± 1.1% adiposity) after maintenance on the HFD and chow, respectively, for approximately 4.5 months prior to sham procedures.

IBAT NE content was reduced by 38.9 ± 9.8% relative in lean mice relative to age-matched DIO mice [(F(1,8) = 10.757, P=0.011)] (Figure 3). In addition, NE content in IWAT [(F(1,8) = 19.363, P=0.002)] and liver [(F(1,8) = 14.516, P=0.005)] was reduced in lean mice compared to age-matched DIO mice. NE content in pancreas also appeared to be reduced in lean mice relative to DIO mice [(F(1,8) = 4.233, P=0.074)] while there was no significant difference in NE from EWAT (P=NS).




Figure 3 | Effect of diet-induced obesity (DIO) on SNS Innervation (NE content) of IBAT, IWAT, EWAT, liver and pancreas at 1-week post-sham in age-matched lean and DIO mice. Age-matched mice were maintained on either chow (16% kcal from fat) or HFD (60% kcal from fat) for approximately 4.5 months prior to undergoing a sham denervation (N=5/group) procedure and were euthanized at 1-week post-sham (N=5/group). NE content was measured from IBAT, IWAT, EWAT, liver and pancreas. Data are expressed as mean ± SEM. *P<0.05, †0.05<P<0.1 lean vs DIO.







Study 4: determine if surgical denervation of IBAT changes the ability of the β3-AR agonist, CL 316243, to increase TIBAT in DIO mice

The goal of this study was to verity that there was no change in the ability of IBAT to respond to direct β3-AR stimulation as a result of the denervation procedure relative to sham operated animals. By design, DIO mice were obese as determined by both body weight (44.2 ± 0.6 g) and adiposity (13.9 ± 0.8 g fat mass; 31.2 ± 1.4% adiposity) after maintenance on the HFD for approximately 4.5 months prior to sham/denervation procedures. The mice used in this study were identical to those used in Study 1B.

In sham mice, CL 316243 (1 mg/kg) increased TIBAT at 0.25, 0.75, 1, 2, 3 and 4-h post-injection. The lowest dose (0.1 mg/kg) also stimulated TIBAT at 0.25, 0.75, 1, 2, 3 and 4-h post-injection (P<0.05; Figure 4A). In addition, similar findings were apparent when measuring change in TIBAT relative to baseline TIBAT (Figure 4B). CL 316243 also stimulated TIBAT and TIBAT relative to baseline at 24-h post-injection at the high dose (P<0.05; data not shown).




Figure 4 | (A–F) Effect of systemic beta-3 receptor agonist (CL 316243) administration (0.1 and 1 mg/kg) on IBAT temperature (TIBAT), energy intake and body weight post-sham or IBAT denervation in DIO mice. Mice were maintained on HFD (60% kcal from fat; N=9-10/group) for approximately 4.5 months prior to undergoing a sham or bilateral surgical IBAT denervation and implantation of temperature transponders underneath IBAT. Animals were subsequently adapted to a 4-h fast prior to receiving IP injections of (CL 316243) (0.1 or 1 mg/kg, IP) or vehicle (sterile water) where each animal received each treatment at approximately 7-day intervals. (A, C), Effect of CL 316243 on TIBAT in (A) sham operated or (C) IBAT denervated DIO mice; (B, D), Effect of CL 316243 on change in TIBAT relative to baseline TIBAT (delta TIBAT) in (B) sham operated or (D) IBAT denervated DIO mice; (E), Effect of CL 316243 on change in energy intake in sham or IBAT denervated DIO mice; (F), Effect of CL 316243 on change in body weight in sham or IBAT denervated DIO mice. Data are expressed as mean ± SEM. *P<0.05, †0.05<P<0.1 CL 316243 vs. vehicle.



IBAT NE content was reduced in denervated mice by 97.8 ± 0.5% in denervated mice relative to sham-operated control mice [(F(1,17) = 73.270, P<0.001). In contrast, there was no difference in NE content in IWAT, EWAT, liver or pancreas between sham or denervation groups (P=NS).

In denervated mice, CL 316243 (1 mg/kg) increased TIBAT at 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 3 and 4-h post-injection. The lowest dose (0.1 mg/kg) also stimulated TIBAT at 0.25, 0.5, 0.75, 1, 2, 3 and 4-h post-injection ((P<0.05; Figure 4C). CL 316243 also stimulated TIBAT at 24-h post-injection at the high dose (P<0.05; data not shown). Similar findings were apparent when measuring change in TIBAT relative to baseline TIBAT through 240-min post-injection (Figure 4D). CL 316243 (1 mg/kg) also tended to stimulate the change in TIBAT relative to baseline TIBAT at 24-h post-injection (P=0.050).

Importantly, there was no difference in the TIBAT response to CL 316243 (0.1 or 1 mg/kg) when the data were averaged over the 1-h or 4-h post-injection period between sham and denervated mice (P=NS).

Overall, these findings indicate that IBAT denervation did not change the ability of CL 316243 to increase BAT thermogenesis (surrogate measure of EE) in DIO mice relative to sham operated mice.




Energy intake

In sham mice, CL 316243 reduced daily energy intake at both 0.1 and 1 mg/kg by 25.3 and 51% (P<0.05). Similarly, in denervated mice, CL 316243 also reduced daily energy intake at both 0.1 and 1 mg/kg (P<0.05) by 34 and 57.1% relative to vehicle (Figure 4E).





Body weight

CL 316243 did not reduce overall body weight in either group. However, the high dose reduced body weight gain in both sham and denervated mice (P<0.05; Figure 4F) while the low dose also reduced body weight gain in the denervated mice (P<0.05; Figure 4F).

Importantly, there was no difference in the effectiveness of CL 316243 (0.1 or 1 mg/kg) to reduce energy intake or weight gain between sham and denervated mice (P=NS). However, there appeared to be a more enhanced effect of CL 316243 (0.1 mg/kg) to reduce weight gain (P=0.091) in the denervated group relative to the sham group.

Furthermore, there was no difference in energy intake [sham: 14.7 ± 0.98 kcal; denervation: 14.8 ± 0.8 kcal] or change in body weight [sham: -0.1± 0.2g; denervation: -0.1 ± 0.2 g] following acute IP vehicle injections in sham or denervated mice (P=NS).

Overall, these findings indicate that IBAT denervation did not change the ability of CL 316243 to reduce food intake or body weight gain in DIO mice relative to sham operated mice.

Similar results were also found in lean mice (data not shown). The sympathomimetic, icilin, which may act indirectly to stimulate BAT thermogenesis through SNS outflow to IBAT, increased TIBAT (P<0.05) throughout the measurement period in both sham and IBAT denervated mice (P<0.05; data not shown).

The effects of the sympathomimetic, tyramine (Supplementary Study 1), was also examined on TIBAT in DIO mice with intact or impaired SNS innervation of IBAT. Tyramine (19.2 mg/kg) increased TIBAT during the initial part of the measurement period in both sham and IBAT denervated mice (P<0.05; Supplementary Figures 1A–D).

There was no difference in the TIBAT response to tyramine (19.2 mg/kg) when the data were averaged over the 0.25-h post-injection period between sham and denervated mice (P=NS). Similar findings were also observed when comparing TIBAT or change from baseline TIBAT at 0.25-h and 0.5-h post-injection between sham and denervated mice (P=NS).

Overall, these findings demonstrate there is not a functional change in the ability of IBAT to respond to direct β3-AR stimulation or other agents, including icilin, that may activate BAT through a direct non-β3-AR mechanism in denervated mice relative to sham animals.






Study 5: determine the extent to which OT-induced activation of sympathetic outflow to IBAT contributes to its ability to increase TIBAT in DIO mice

After having confirmed there was no functional defect in the ability of IBAT to respond to direct β3-AR stimulation (Study 4), the goal of this study was to determine if OT-elicited elevation of TIBAT requires intact SNS outflow to IBAT. By design, DIO mice were obese as determined by both body weight (43.6 ± 0.7 g) and adiposity (13.8 ± 0.6 g fat mass; 31.5 ± 1.1% adiposity) after maintenance on the HFD for approximately 4.25 months prior to sham/denervation procedures. There was no difference in body weight between sham and denervation groups prior to surgery (sham: 43.0 ± 1.1 g vs denervation: 42.9 ± 1.1 g) [(F(1,19) = 0.005, P=0.943] or at 10-11 weeks post-surgery (sham: 44.8 ± 1.8 g vs denervation: 43.9 ± 2.8 g) [(F(1,19) = 0.069, P=0.796]. Note that the TIBAT data from sham-operated DIO mice has been previously published (22).

IBAT NE content was reduced by 94.9 ± 3.3% in denervated mice relative to sham-operated control mice [(F(1,19) = 33.427, P<0.001). In contrast, there was no difference in NE content in IWAT, EWAT, liver or pancreas between sham or denervation groups (P=NS).

In sham mice, 4V OT (5 μg) increased TIBAT at 1 and 1.25-h post-injection (P<0.05) and tended to stimulate TIBAT at 0.75, 1.5 and 1.75-h post-injection (0.05<P<0.1). The lowest dose (1 μg) also stimulated TIBAT at 0.75 and 1-h post-injection and tended to stimulate TIBAT at 1.25-h post-injection (0.05<P<0.1; Figure 5A). Similar findings were apparent when measuring change in TIBAT relative to baseline TIBAT (Figure 5B).




Figure 5 | (A–D) Effect of acute 4V OT administration (1 and 5 μg) on TIBAT post-sham or IBAT denervation in male DIO mice. Mice were maintained on HFD (60% kcal from fat; N=11-13/group) for approximately 4.25 months prior to undergoing a sham or bilateral surgical IBAT denervation and implantation of temperature transponders underneath IBAT. Mice were subsequently implanted with 4V cannulas and allowed to recover for 2 weeks prior to receiving acute 4V injections of OT or vehicle. Animals were subsequently adapted to a 4-h fast prior to receiving acute 4V injections of OT or vehicle (A, C), Effect of acute 4V OT on TIBAT in (A) sham operated or (C) IBAT denervated DIO mice; (B, D), Effect of acute 4V OT on change in TIBAT relative to baseline TIBAT (delta TIBAT) in (B) sham operated or (D) IBAT denervated DIO mice; Data are expressed as mean ± SEM. *P<0.05, †0.05<P<0.1 OT vs. vehicle. The TIBAT data from sham-operated DIO mice has been previously published (22).



In denervated mice, OT (5 μg) increased TIBAT at 0.75, 1, 1.25, 1.5, 2 and 3-h post-injection (P<0.05). The lowest dose (1 μg) tended to stimulate TIBAT at 4-h and 24-h post-injection (0.05<P<0.1; Figure 5C). Similar findings were apparent when measuring change in TIBAT relative to baseline TIBAT (Figure 5D). In addition, 4V OT elevated TIBAT in lean denervated mice (data not shown).

There was no effect of acute 4V OT administration to reduce daily energy intake or body weight (P=NS) in either sham or denervated mice. Furthermore, there was no difference in energy intake [sham: 11.3 ± 1.2 kcal; denervation: 10.2 ± 1.9 kcal] or change in body weight [sham: 0.3± 0.1g; denervation: 0.4 ± 0.3 g] following acute 4V vehicle injections between sham or denervated mice (P=NS).

Overall, these findings demonstrate that SNS innervation of IBAT is not a predominant mediator of OT-elicited elevations of BAT thermogenesis.

In contrast to the pattern observed following 4V administration, systemic administration of OT produced an initial reduction of TIBAT (P<0.05) followed by an increase in TIBAT (P<0.05; Supplementary Figures 3A–D). Similar to OT, the melanocortin 3/4 receptor agonist, melanotan II (MTII), produced an initial reduction of TIBAT (P<0.05; data not shown) followed by a subsequent increase in TIBAT (data not shown; P<0.05).





Study 6A: determine the extent to which sympathetic outflow to IBAT contributes to the ability of OT to elicit weight loss in DIO mice

The goal of this study was to determine if OT-elicited weight loss requires intact SNS outflow to IBAT. By design, DIO mice were obese as determined by both body weight (47.9 ± 0.6 g) and adiposity (17.7 ± 0.5 g fat mass; 36.9 ± 0.7% adiposity) after maintenance on the HFD for approximately 4.25-4.5 months prior to sham/denervation procedures. There was no difference in body weight between sham and denervation groups prior to surgery (sham: 46.3 ± 1.0 g vs denervation: 47.9 ± 0.8 g) [(F(1,28) = 1.532, P=NS)].

IBAT NE content was reduced in denervated mice by 93.9 ± 2.3% in denervated mice relative to sham-operated control mice [(F(1,28) = 23.306, P=0.000). In contrast, there was no difference in NE content in IWAT, EWAT, liver or pancreas between sham or denervation groups (P=NS)

Chronic 4V OT reduced body weight by 5.7 ± 2.23% and 6.6 ± 1.4% in sham and denervated mice (P<0.05), respectively, and this effect was similar between groups (P=NS). OT produced corresponding reductions in fat mass (P<0.05) and this effect was also similar between groups (P=NS).

As expected, 4V vehicle resulted in 7.5 ± 3.0% weight gain relative to vehicle pre-treatment [(F(1,8) = 5.677, P=0.044)]. In contrast, 4V OT reduced body weight by 5.7 ± 2.23% relative to OT pre-treatment [(F(1,7) = 5.903, P=0.045)] (Figure 6A) and reduced weight gain (Figure 6B) between days 4-29 of the infusion period (P<0.05). 4V OT tended to reduce weight gain between days 2-3 (0.05<P<0.1). OT produced a corresponding reduction in fat mass [(F(1,13) = 5.190, P=0.040)] (Figure 6C) with no effect on lean body mass (P=NS). These effects were mediated, at least in part, by a modest reduction of energy intake that tended to be present during weeks 1 (P=0.067; Figure 6D) and 2 (P=0.092).




Figure 6 | (A–D) Effect of chronic 4V OT infusions (16 nmol/day) on body weight, adiposity and energy intake post-sham or IBAT denervation in male DIO mice. (A), Mice were maintained on HFD (60% kcal from fat; N=7-9/group) for approximately 4.25-4.5 months prior to undergoing a sham or bilateral surgical IBAT denervation. Mice were subsequently implanted with 4V cannulas and allowed to recover for 2 weeks prior to being implanted with subcutaneous minipumps that were subsequently attached to the 4V cannula. A, Effect of chronic 4V OT or vehicle on body weight in sham operated or IBAT denervated DIO mice; (B), Effect of chronic 4V OT or vehicle on body weight change in sham operated or IBAT denervated DIO mice; (C), Effect of chronic 4V OT or vehicle on adiposity in sham operated or IBAT denervated DIO mice; (D), Effect of chronic 4V OT or vehicle on adiposity in sham operated or IBAT denervated DIO mice. Data are expressed as mean ± SEM. *P<0.05, †0.05<P<0.1 OT vs. vehicle.



In denervated mice, 4V vehicle treatment resulted in 4.3 ± 2.6% weight gain relative to vehicle pre-treatment [(F(1,5) = 17.371, P=0.009)]. In contrast, 4V OT reduced body weight by 6.6 ± 1.4% relative to OT pre-treatment [(F(1,5) = 15.883, P=0.010)] (Figure 6A) and it reduced weight gain (Figure 6B) throughout the 29-day infusion period. OT treatment reduced weight gain on days 9 and 12-29 (P<0.05) and it tended to reduce weight gain on days 6 (P=0.095), 10 (P=0.059) and 11 (P=0.055). OT produced a corresponding reduction in fat mass [(F(1,11) = 7.101, P=0.022)] (Figure 6C) with no effect on lean body mass (P=NS). These effects were mediated, at least in part, by a modest reduction of energy intake that tended to be present during weeks 2 (P=0.147) and 3 (P=0.064; Figure 6D).

Furthermore, there was no difference in total 4-week energy intake [sham: 413.5 ± 21.9 kcal; denervation: 414.1 ± 10.6 kcal] or 4-week change in body weight [sham: 3.6± 1.4 g; denervation: 2.1 ± 1.1 g] following chronic 4V vehicle infusion between sham or denervated mice (P=NS).

Based on these collective findings, we conclude that SNS innervation of IBAT is not a predominant contributor of oxytocin-elicited increases in BAT thermogenesis (surrogate measure of EE), weight loss and reduction of fat mass.




Adipocyte size




Sham

There was a significant effect of 4V OT to reduce EWAT adipocyte size in sham operated mice [(F(1,13) = 5.729, P=0.032)] (Figure 7B) while it had no significant effect on IWAT adipocyte size (P=NS) (Figure 7A).




Figure 7 | (A, B) Effect of chronic 4V OT infusions (16 nmol/day) on adipocyte size post-sham or IBAT denervation in male DIO mice. (A), Adipocyte size (pixel2) was measured in IWAT from mice that received chronic 4V infusion of OT (16 nmol/day) or vehicle (VEH) in sham or IBAT denervated DIO mice (N=9-10/group). (B), Adipocyte size was measured in EWAT from mice that received chronic 4V infusion of OT (16 nmol/day) or vehicle in sham operated or IBAT denervated mice (N=9-10/group). Data are expressed as mean ± SEM. *P<0.05 OT vs. vehicle.







Denervation

In contrast to the effects observed in sham mice, 4V OT had no significant effect on EWAT adipocyte size in IBAT denervated mice (P=NS) (Figure 7B). However, there was a tendency of 4V OT to reduce IWAT adipocyte size in IBAT denervated mice [(F(1,11) = 4.233, P=0.064)] (Figure 7A).





Plasma hormone concentrations

To characterize the endocrine and metabolic effects between sham and denervated DIO mice, we measured blood glucose levels and plasma concentrations of leptin, insulin, FGF-21, irisin, adiponectin, FFA, free glycerol (FG) and total cholesterol (TC) post-sham and denervation procedure. We found an overall effect of 4V OT to reduce plasma leptin [(F(3,26) = 3.839, P=0.021)]. Specifically, 4V OT treatment was associated with a reduction of plasma leptin in the sham group (P<0.05; Table 2) which coincided with OT-elicited reductions in fat mass. We also found that 4V OT treatment tended to reduce plasma insulin in the denervation group relative to the 4V vehicle sham group (P=0.081; Table 2). In addition, there was an overall effect of OT to reduce plasma total cholesterol [(F(3,26) = 5.806, P=0.004)]. 4V OT treatment was associated with a significant reduction of total cholesterol in both groups (P<0.05; Table 2).


Table 2 | Plasma Measurements Following 4V Infusions of Oxytocin or Vehicle in Sham and Denervated DIO Mice.









Study 6B: determine the extent to which sympathetic outflow to IBAT contributes to the ability of OT to impact thermogenic gene expression in IBAT, IWAT and EWAT in DIO mice




IBAT

There was a reduction of IBAT UCP-1 [(F(1,7) = 38.1, P<0.001)], DIO2 [(F(1,7) = 12.669, P=0.009)], Gpr120 [(F(1,7) = 65.965, P<0.001)], Adrb3 [(F(1,7) = 65.916, P=0.000)], Adrb1 [(F(1,7) = 8.015, P=0.025)], Acox1 [(F(1,7) = 58.261, P<0.001)], bmp8b [(F(1,7) = 19.636, P=0.003)], cox8b [(F(1,6) = 16.403, P=0.007)] and UCP-3 mRNA expression [(F(1,7) = 57.665, P<0.001)] in denervated mice relative to IBAT from sham operated mice (P<0.05; Table 3A). There were no significant differences in IBAT CIDEA, PPARGC1, PPARA and PRDM16 mRNA expression between sham and denervation groups (P=NS).


Table 3A | Changes in mRNA Expression Following 4V Infusions of OT or VEH in Male DIO Mice.




Table 3B | Changes in mRNA Expression Following Acute 4V OT or VEH Injections in Male DIO Mice.




Table 3C | Changes in mRNA Expression Following Acute 4V OT or VEH Injections in Male DIO Mice.



The findings pertaining to IBAT UCP-1 gene expression in surgically denervated mice are consistent with what others have reported with IBAT UCP-1 protein expression from hamsters (51) and mice (52) following chemical (6-OHDA)-induced denervation of IBAT relative to control animals. Similarly, there was a reduction of IBAT UCP-1 mRNA following unilateral or bilateral surgical denervation in hamsters (53) and mice (54, 55), respectively. Similar to our findings, others also found a reduction of IBAT Dio2 and Adrb3 following bilateral surgical denervation in mice (54). The findings pertaining to IBAT UCP-1 gene expression in denervated mice are consistent with what others have reported with IBAT UCP-1 protein expression from hamsters (51) and mice (52) with chemical (6-OHDA)-induced denervation of IBAT relative to control animals.





IWAT

IWAT UCP-1 [(F(1,2) = 11.131, P=0.079)] tended to be elevated in denervated mice relative to sham operated mice (Table 3B). There were no significant differences in any of the other thermogenic markers (P=NS; Table 3B).





EWAT

There tended to be a reduction of UCP-1 in denervated mice compared to sham operated mice [(F(1,2) = 7.000, P=0.118)] (Table 3C). There were no significant differences in any of the other thermogenic markers (P=NS; Table 3C).






Study 7: determine the extent to which systemic (subcutaneous) infusion of a centrally effective dose of OT (16 nmol/day) elicits weight loss in DIO mice

As expected, weight gain of DIO mice increased over the month of vehicle treatment relative to pre-treatment [(F(1,10) = 16.901, P=0.002)] (Figure 8A). In contrast to the weight lowering effects of 4V OT (16 nmol/day), systemic OT (16 nmol/day) resulted in a significant elevation of body weight relative to OT pre-treatment [(F(1,12) = 11.138, P=0.006)] (Figure 8A; P<0.05). Furthermore, SC OT, at a 3-fold higher dose (50 nmol/day), also resulted in a significant elevation of body weight relative to pre-treatment [(F(1,12) = 10.424, P=0.007)]. However, SC OT (16 and 50 nmol/day) was able to reduce weight gain (Figure 8B) relative to vehicle treatment throughout the 28-day infusion period. SC OT (50 nmol/day), at a dose that was at least 3-fold higher than the centrally effective dose (16 nmol/day), reduced weight gain throughout the entire 28-day infusion period. SC OT (16 nmol/day) treated mice had reduced weight gain between days 17-28 (P<0.05) but did not have the net weight loss seen when this dose was given centrally. SC OT (16 and 50 nmol/day) reduced fat mass [(F(2,35) = 5.558, P=0.008)] (Figure 8C; P<0.05) and produced a corresponding reduction of plasma leptin [(F(2,35) = 3.890, P=0.03)], (Table 4) with no effect on lean body mass (P=NS). These effects that were mediated, at least in part, by a modest reduction of energy intake that was apparent during week 3 of SC OT (50 nmol/day) treatment (Figure 8D; P<0.05).




Figure 8 | (A–D) Effect of chronic subcutaneous OT infusions (16 and 50 nmol/day) on body weight, adiposity and energy intake in male DIO mice. (A), Mice were maintained on HFD (60% kcal from fat; N=11-14/group) for approximately 4-4.25 months prior to being implanted with temperature transponders and allowed to recover for 1-2 weeks prior to being implanted with subcutaneous minipumps. (A), Effect of chronic subcutaneous OT or vehicle on body weight in DIO mice; (B), Effect of chronic subcutaneous OT or vehicle on body weight change in DIO mice; (C), Effect of chronic subcutaneous OT or vehicle on adiposity in DIO mice; (D), Effect of chronic subcutaneous OT or vehicle on adiposity in DIO mice. Data are expressed as mean ± SEM. *P<0.05, †0.05<P<0.1 OT vs. vehicle.




Table 4 | Plasma measurements following SC infusions of oxytocin or vehicle in DIO mice.








Discussion

The goal of the current studies was to determine if sympathetic innervation of IBAT is required for OT to increase non-shivering BAT thermogenesis and reduce body weight and adiposity in male DIO mice. To assess if OT-elicited changes in non-shivering BAT thermogenesis require intact SNS outflow to IBAT, we examined the effects of acute 4V OT (1, 5 μg) on TIBAT in DIO mice following bilateral surgical SNS denervation to IBAT. We found that the high dose (5 µg) elevated TIBAT similarly in sham mice as in denervated mice. We subsequently determined if OT-elicited reductions of body weight and adiposity require intact SNS outflow to IBAT. To accomplish this, we determined the effect of bilateral surgical denervation of IBAT on the ability of chronic 4V OT (16 nmol/day) administration to reduce body weight, adiposity and food intake in DIO mice. We found that chronic 4V OT produced comparable reductions of body weight and adiposity in denervated mice, as well as sham mice (P<0.05), supporting the hypothesis that sympathetic innervation of IBAT is not a predominant mediator of OT-elicited increases of non-shivering BAT thermogenesis and reductions of body weight and adiposity in male DIO mice.

Our finding that OT produced these effects when given into the hindbrain (4V) suggest that hindbrain populations and/or spinal cord populations may contribute to the effects of OT-elicited thermogenesis and browning of WAT in mice. Recent findings highlight the presence of both overlapping and nonoverlapping CNS circuits that control SNS outflow to IWAT and IBAT (51). Namely, parvocellular PVN OT neurons have multi-synaptic projections to IBAT (59, 60), IWAT (59, 61) and EWAT (61, 62). A small subset of parvocellular PVN OT neurons overlap and project to both IBAT and IWAT (59). OT neurons are anatomically situated to control SNS outflow to IBAT and IWAT and increase BAT thermogenesis and browning of IWAT, respectively. It is not clear if these effects are mediated by the same OT neurons or through distinct OT neurons that project to the hindbrain nucleus of the solitary tract or nucleus tractus solitarius (NTS) (63, 64) and/or spinal cord (64), both of which are sites that can control SNS outflow to IBAT and BAT thermogenesis (65, 66). Ong and colleagues recently found that viral-elicited knockdown of OTR mRNA within the dorsal vagal complex was unable to block the effects of 4V OT to increase core temperature (67) suggesting that other OTRs within other areas of the hindbrain and/or spinal cord may contribute to these effects in a rat model. It will be important to determine whether 4V OT-elicited BAT thermogenesis is mediated by OTRs within regions of the NTS not targeted by Ong and colleagues (67), other hindbrain areas such as the raphe pallidus (29, 66, 68–70) or spinal cord (23).

One outstanding question is how 4V OT is activating IBAT if not through SNS outflow to IBAT. Our findings that 1) systemic administration of OT, at a dose that stimulated TIBAT when given into the 4V, did not fully recapitulate the temporal profile we found following 4V administration and 2) 4V administration failed to reproduce the reduction of TIBAT observed following systemic administration suggest that 4V OT is not likely leaking into the periphery to act at peripheral OTRs. One possibility might be that 4V OT activates OTRs within the hindbrain and/or spinal cord that results in the stimulation of epinephrine from the adrenal gland and subsequent activation of IBAT. Epinephrine has been previously found to stimulate both lipolysis and respiration from brown adipocytes derived from rat IBAT (71) and it has only a 2.5-fold lower affinity for recombinant β3-AR in CHO cells than NE (72). In addition, mice that lack epinephrine are able to maintain body temperature in response to cold stress but fail to show an increase in IBAT UCP-1 or PGC1-alpha (73) suggesting that non-UCP mechanisms may be involved to increase or retain heat. However, while it is clear that the hindbrain and spinal cord are part of a multi-synaptic projection to the adrenal gland (74, 75), only 1% of PVN OT neurons within either the parvocellular PVN or magnocellular PVN were found to have multi-synaptic projections to the adrenal gland (74). Whether 4V OT activates a hindbrain or spinal cord projection to the adrenal gland resulting in the release of epinephrine and subsequent activation of IBAT will need to be examined in future studies.

One other possibility is that acute 4V OT could be activating IBAT secondary to stimulating locomotor activity. We have found the high dose (5 μg) given acutely into the 4V stimulated IBAT temperature (21) at doses that increased gross motor activity in DIO rats during the first 2-h post-injection (P<0.05; unpublished findings). In addition, Sakamoto and colleagues found that intracerebroventricular (ICV) administration of OT (0.5 μg) stimulated activity levels in mice (76). Similarly, Noble and colleagues found that acute ventromedial hypothalamic injections of OT (1 nmol ≈ 1.0072 μg) also stimulated short-term physical activity at 1-h post-injection in rats (12). Sutton and colleagues also reported that acute DREADD-elicited stimulation of OT neurons within the PVN produced an increase in locomotor activity, energy expenditure and subcutaneous IBAT temperature (23) in Oxytocin IRES-Cre mice whose transponders were placed above the IBAT pad. This finding raises that possibility that endogenous OT may also elicit increases in activity. Studies aimed at blocking endogenous OTR signaling prior to DREADD activation of PVN OT neurons will help determine the extent to which these effects are mediated by OT. Future studies will be required in order to examine the extent to which locomotor activity may contribute to the effects of acute 4V on TIBAT in DIO mice

Recent findings also implicate a potentially important role of peripheral OT receptors in the control of body weight in rodents. Similar to our studies, Yuan and colleagues found systemic OT (100 nmol/day ≈ 100.72 μg/day) reduced weight gain in high fat diet-fed mice and these effects were associated with decreased adipocyte size (IWAT and EWAT). Asker and colleagues extended these findings and reported that a novel BBB-impermeable OT analog, OT-B12, reduced food intake in rats, thus providing additional evidence for the importance of peripheral OTRs in the control of food intake (77). These findings are in line with earlier studies by Iwasaki and colleagues who found that the effects of peripheral OT to reduce food intake were attenuated in vagotomized mice (78, 79). Similarly, previous findings from our lab also indicated that peripheral administration of a non-BBB penetrant OTR antagonist, L-371257, resulted in a modest stimulation of food intake and body weight gain in rats (80). These findings suggest that, in addition to a central mechanism mediated through hindbrain and/or spinal cord OTRs, OT may also act peripherally to reduce adipocyte size through a direct action on OTRs found on adipocytes (9, 81, 82).

The role of peripheral OTR in the control of BAT thermogenesis is not entirely clear but recent studies raise the possibility that systemic OT may impact BAT thermogenesis through a direct mechanism. Yuan and colleagues found that slow continuous systemic infusion of OT (100 nmol/day) elevated rectal temperature (single time point), UCP-1 protein and UCP-1 mRNA in IBAT and IWAT of high fat diet-fed mice (24) where OTR are expressed (24). In contrast, we found that a single acute bolus injection of lower doses of OT (5 and 10 μg/μL) elicited an initial reduction of TIBAT prior to a subsequent elevation of TIBAT. Similarly, others have found that peripheral administration of higher doses of OT (1 mg/kg) elicited a robust hypothermic response (83). Similar doses (1, 3 and 10 mg/kg, IP) were also found to block stress-induced stimulation of core temperature (84). Kohli reported that pretreatment with arginine vasopressin receptor 1A (AVPR1A) antagonist can reduce OT-mediated hypothermia, while pretreatment with OTR antagonist does not (85). Similar to systemic OT, we and others have demonstrated that systemic MTII produces an initial reduction of TIBAT and/or core temperature (86, 87) followed by a subsequent elevation of TIBAT or core temperature (87). Like OT, MTII-elicited reduction of body temperature was found to be blunted in response to the AVPR1A antagonist (86). In addition to a mechanism involving AVPV1A, MTII-elicited hypothermia is also due, in part, to mast cell activation (88). Together, these findings suggest that the hypothermia in response to high doses of systemic OT might be mediated, in part, by arginine vasopressin (AVP) receptor V1A rather than through OTR. It remains to be determined whether the hypothermic effects of systemic OT are also mediated, in part, by activation of mast cells.

To our knowledge, this is the first time that SNS innervation of IBAT (NE content) has been found to be reduced in DIO rodents relative to age-matched lean control mice. These findings are consistent with the reduction of IBAT NE content in obese fa/fa Zucker rats relative to lean homo- (Fa/Fa) or heterozygous (Fa/fa) rats (89). Similarly, tyrosine hydroxylase (TH; rate limiting enzyme to synthesis of catecholamines) was found to be reduced in obese relative to lean animals (90). The same group also found a reduction of IBAT NE content, NE turnover and activity of dopamine-β-hydroxylase (rate limiting enzyme to synthesis of NE) in young fa/fa Zucker rats prior to obesity onset (91). Previous studies have found that the IBAT from humans with obesity appears to be hypoactive (92, 93) although it isn’t clear if this is due to reduced SNS innervation of IBAT or reduced sensitivity to endogenous catecholamines (94). Consistent with these findings, obese offspring also show reductions of IBAT temperature (95). Defects in BAT activity are associated with impairments of both the structure and function of BAT mitochondria (96). Furthermore, the IBAT of obese animals was associated with enlarged lipid droplets (97), indicative of hypoactivity of IBAT. Together, our data support the hypothesis that impaired activation of IBAT in the context of DIO may be due, in part, to reduced SNS innervation of IBAT.

Our findings showing a reduction of IBAT UCP-1, Dio2, and Adbr3 in denervated mice is consistent with what has been reported from IBAT of denervated mice or hamsters (51–55). In addition, we found a reduction of IBAT Adrb1, Acox1, UCP-3, bmp8b, Gpr120, and Cox8b in denervated mice. We also found that 4V OT blocked the reduction of Adrb1, Adrb3 and Dio2 in IBAT of denervated mice. Whether these genes contributed to the ability of OT to increase TIBAT in denervated mice is unclear. What was also unexpected was that the β3-AR agonist, CL 316243, was able to produce comparable effects on TIBAT in both groups of mice despite there being a reduction of IBAT Adrb3. However, we have found that chronic 1x daily administration of CL 316243 produced similar effects on stimulation of TIBAT on treatment day 1 vs day 19 despite there being a reduction of IBAT Adrb3 mRNA at the end of the study (98). It is possible that the presence of even a reduced level of the β3-AR in IBAT is sufficient to contribute to the effects of CL 316243 on IBAT temperature at the pharmacological doses used in our studies. It is not as likely that the effects of CL 316243 on IBAT temperature in denervated mice was due to action at other adrenergic receptors in IBAT because CL 316243 is highly selective to the β3-AR [128-fold higher selectivity to human β3-AR vs β1-AR (99)]. Furthermore, CL 316,243 appears to be more selective to the mouse β3-AR relative to the human β3-AR based on stimulation of cAMP formation in transfected CHO cells (pEC50 8.7 vs. 4.3) (100). In addition, CL 316243 is ineffective at increasing free fatty acids, insulin secretion, energy expenditure, and reducing food intake in β3-AR deficient mice (101) indicating that these effects of CL 316243 are mediated by β3-AR. Furthermore, the effects of CL 316243 on oxygen consumption, insulin secretion and food intake were completely restored with re-expression of β3-AR in brown and white adipocytes (102) indicating that these CL 316243-elicited effects are mediated by β3-AR specifically in BAT and/or WAT.

One limitation of our study is that restraint stress may have limited our ability to observe larger effects on TIBAT (103) during the time period when the effect of the drug is relatively short-lived or small. We aimed to minimize the impact of restraint stress by adapting the animals to handling and mock injections during the week prior to the experiment and by administering the drugs during the early part of the light cycle when catecholamine levels (36) and IBAT temperature are lower (22). Despite these adjustments to protocol, we failed to observe an obvious impairment in the ability of the sympathomimetic, tyramine, to stimulate TIBAT in denervated mice even though there was clear evidence that IBAT NE content was lower in mice whose IBAT was denervated. While the effects of OT and CL 316243 continued well beyond the short-lived effects of restraint/vehicle stress on TIBAT in our mouse studies (~30-45 minutes), the effects of tyramine were relatively short-lived and may have been masked by restraint stress. Thus, stress-induced epinephrine, from the adrenal medulla, or global release of NE from SNS nerve terminals (in response to tyramine) (104–106), may have activated β3-AR in IBAT to stimulate TIBAT, even in denervated mice.

We also acknowledge that the focus of this study was on IBAT given that IBAT is most well characterized BAT depot “because of its size, accessibility and clear innervation IBAT” (107). However, IBAT is thought to contribute to approximately 45% of total thermogenic capacity of BAT (54) or ≥ 70% of total BAT mass (108). Thus, it is possible that the other BAT depots (axillary, cervical, mediastinal and perirenal depots), all of which show elevated UCP-1 in response to cold (109), might have contributed to the effects of OT to elicit weight loss in IBAT denervated mice. Moreover, we acknowledge the potential contribution of IWAT and EWAT given that chronic 4V OT was able to elevate IWAT UCP-1 and EWAT Acox1 in a limited number of IBAT denervated mice. As mentioned earlier, previous findings demonstrate crosstalk between SNS circuits that innervate IBAT and WAT (51). In addition, there is increased NE turnover and IWAT UCP-1 mRNA expression in IBAT denervated hamsters (51). It will be important to 1) confirm our IWAT and WAT gene expression findings in a larger group of animals and 2) develop a model to assess the effectiveness of denervation of all BAT and specific WAT depots in order to more fully understand the importance of BAT and WAT depots in contributing to the effects of OT to elicit weight loss in rodent models.

In summary, our findings demonstrate that acute 4V OT (5 µg) produced comparable increases in TIBAT in both denervated and sham mice. We subsequently found that chronic 4V OT produced similar reductions of body weight and adiposity in both sham and denervated mice. Importantly, our findings suggest that there is no change or obvious functional impairment in the response of the β3-AR agonist, CL 316243, to activate IBAT in mice with impaired SNS innervation of IBAT in comparison to sham-operated mice. Together, these findings support the hypothesis that sympathetic innervation of IBAT is not a predominant mediator of OT-elicited increases in non-shivering BAT thermogenesis and reductions of body weight and adiposity in male DIO mice.
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Supplemental Study 1 | Determine if surgical denervation of IBAT changes the ability of IP tyramine to increase TIBAT in DIO mice. The goal of this study was to determine if IP tyramine-elicited increase in TIBAT requires intact SNS outflow to IBAT in DIO mice. We selected doses of tyramine based on previous studies (105). By design, mice were DIO as determined by both body weight (49.5 ± 1.1 g) and adiposity (13.9 ± 0.8 g fat mass; 31.2 ± 1.4% adiposity) after maintenance on the HFD (60% kcal from fat; N=9-10/group) for approximately 4.25 months prior to sham/denervation procedures and implantation of temperature transponders underneath IBAT. Mice from Study 4 were used in this study and were otherwise treated identically to those used in Study 4. Supplemental Study 1. In sham mice, tyramine (6.4 mg/kg) increased TIBAT at 0.25-h post-injection while the higher dose (19.2 mg/kg) increased TIBAT at 0.25 and 0.5-h post-injection (P<0.05; Supplementary Figure 1A). The lower dose also reduced TIBAT at 0.75, 1, 1.25, 1.75, and 3-h post-injection and tended to reduce TIBAT at 2-h post-injection. The higher dose reduced TIBAT at 1, 1.25 and 1.75-h post-injection. Similar findings were apparent when measuring change in TIBAT relative to baseline TIBAT (Supplementary Figure 1B). In denervated mice, tyramine (6.4 mg/kg) was not effective at increasing TIBAT but tended to reduce TIBAT at 0.75-h post-injection (P<0.05; Supplementary Figure 1C). The higher dose (19.2 mg/kg) stimulated TIBAT at 0.25 and 0.5-h post-injection and reduced TIBAT at 1.25, 1.5, 1.75 and 2-h post-injection (P<0.05). Similar findings were also apparent when measuring change in TIBAT relative to baseline TIBAT (Supplementary Figure 1D).

Supplemental Study 2 | Determine if surgical denervation of IBAT changes the ability of 4V OT to increase TIBAT in lean mice. The goal of this study was to determine if OT- elicited increase in TIBAT requires intact SNS outflow to IBAT in lean mice. By design, mice were lean as determined by both body weight (29.5 ± 0.7 g) and adiposity (3.3 ± 0.3 g fat mass; 10.4 ± 0.8% adiposity) after maintenance on the chow (16% kcal from fat; N=10/group) for approximately 4-4.25 months prior to sham/denervation procedures and implantation of temperature transponders underneath IBAT. Mice were otherwise treated identically to those used in Study 4. Supplemental Study 2. Only a subset of samples from Study 1B were able to be screened for NE content but all mice were otherwise included in the analysis. In sham mice, 4V OT (5 μg/μL) increased TIBAT at 0.5, 0.75, 1 and 3-h post-injection (P<0.05; Suplemental Figure 2A) and tended to stimulate TIBAT at 0.75 (1 μg/μL) and 1.25 (5 μg/μL) h-post-injection. In addition, we found similar findings were apparent when measuring change in TIBAT relative to baseline TIBAT (Supplementary Figure 2B). Similarly, in denervated mice, 4V OT (5 μg/μL) increased TIBAT at 0.75, 1, 1.25 and 3-h post-injection (P<0.05; Supplementary Figure 2C) and tended to stimulate TIBAT at 1.25 (1 μg/μL) -h post-injection. In contrast, 4V OT was unable to stimulate a change in TIBAT relative to baseline TIBAT (Supplementary Figure 2D).

Supplemental Study 3 | Determine if a centrally (4V) effective dose of OT can increase TIBAT when given into the periphery of lean mice. The goal of this study was to determine if systemic administration of OT (IP) can increase TIBAT at a dose that was effective when given into the 4V in lean mice. By design, mice were lean (31.2 ± 0.8 g) at study onset after maintenance on the chow (16% kcal from fat; N=10/group) for approximately 5 months. Mice did not undergo sham or SNS IBAT denervation procedures but were implanted with temperature transponders underneath IBAT and were otherwise treated similarly to those used in Study 4.Supplemental Study 3. In contrast to the more immediate elevation of TIBAT in response to 4V OT (5 μg/μL), IP OT (5 μg/0.200 mL) resulted in a reduction of TIBAT at 0.25-h post-injection followed by increases in TIBAT at 1.25 and 3-h post-injection (P<0.05; Supplementary Figure 3A). IP OT (5 μg/0.200 mL) also tended to stimulate TIBAT at 1.25, 2 and 4-h post-injection. In addition, we found similar findings were apparent when measuring change in TIBAT relative to baseline TIBAT (Supplementary Figure 3B). In addition, a higher dose of OT (10 μg/0.200 mL) produced a similar reduction of TIBAT at 15-min post-injection followed by increases in TIBAT at 1.25, 1.5, 2, and 3-h post-injection (P<0.05; Supplementary Figure 3A). IP OT (10 μg/0.200 mL) also tended to stimulate TIBAT at 105 min-post-injection. In addition, we found similar findings were apparent when measuring change in TIBAT relative to baseline TIBAT (Supplementary Figure 3B).

Supplementary Figure 1 | (A-D). Effect of IP Tyramine on IBAT temperature (TIBAT) in DIO mice (0927.23F). Mice were fed ad libitum and maintained on HFD (N=9-10/group) for 4.25 months prior to underdoing sham or SNS denervation procedures and implantation of temperature transponders underneath the left IBAT depot. Mice were allowed to recover for at least 1 week during which time they were adapted to a daily 4-h fast, handling and mock injections. Following completion of Supplemental Study 5, mice subsequently received IP injections (1.5 mL/kg; ≈ 0.07-0.09 mL/mouse) of tyramine (6.4 and 19.4 mg/kg) or vehicle (DMSO) where each animal received each treatment at least 48-h intervals. (A, C), Effect of tyramine on TIBAT in (A) sham operated or (C) IBAT denervated lean mice; (B, D), Effect of tyramine on change in TIBAT relative to baseline TIBAT (delta TIBAT) in (B) sham operated or (D) IBAT denervated DIO mice. Data are expressed as mean ± SEM. *P<0.05, †0.05<P<0.1 tyramine vs. vehicle.

Supplementary Figure 2 | (A-D) Effect of 4V OT on IBAT temperature (TIBAT) post-sham or IBAT denervation in lean mice. Mice were maintained on chow (16% kcal from fat; N=10/group) for approximately for approximately 4-4.25 months prior to undergoing a sham or bilateral surgical IBAT denervation and implantation of temperature transponders underneath IBAT. Mice were subsequently implanted with 4V cannulas and allowed to recover for 3-4 weeks prior to receiving 4V injections of OT (1 or 5 μg/μL) or vehicle (sterile water) where each animal received each treatment at approximately 48-h intervals. A/C, Effect of OT on TIBAT in (A) sham operated or (C) IBAT denervated lean mice; (B, D), Effect of OT on change in TIBAT relative to baseline TIBAT (delta TIBAT) in (B) sham operated or (D) IBAT denervated lean mice. Data are expressed as mean ± SEM. *P<0.05, †0.05<P<0.1 OT vs. vehicle.

Supplementary Figure 3 | (A-D) Effect of IP OT on IBAT temperature (TIBAT) in lean mice. Mice were maintained on chow (16% kcal from fat; N=9-10/group) for approximately for approximately 2.5 months prior to implantation of temperature transponders underneath IBAT. Mice were subsequently implanted with 4V cannulas and allowed to recover for approximately 2 weeks prior to receiving acute 4V injections of OT or vehicle [data previously published (22)]. Mice subsequently received IP injections of OT (5 μg/0.200 μL or 10 μg/0.200 μL) or vehicle (sterile water) where each animal received each treatment at approximately 48-h intervals. (A, C), Effect of (A) lower and (C) higher dose of IP OT on TIBAT in lean mice; (B, D), Effect of (B) lower and (D) higher dose of IP OT on change in TIBAT relative to baseline TIBAT (delta TIBAT) in lean mice. Data are expressed as mean ± SEM. *P<0.05, †0.05<P<0.1 OT vs. vehicle.
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Aim

The aim of this research was to ascertain the correlations between alexithymia, social support, depression, and glycemic control in patients diagnosed with type 2 diabetes mellitus. Additionally, this study sought to delve into the potential mediating effects of social support and depression in the relationship between alexithymia and glycemic control.





Method

A purposive sampling methodology was employed to select a cohort of 318 patients afflicted with type 2 diabetes mellitus, hailing from a care establishment situated in Chengdu City. This investigation embraced a cross-sectional framework, wherein instruments such as the General Information Questionnaire, the Toronto Alexithymia Scale 20, the Social Support Rating Scale, and the Hamilton Depression Scale were judiciously administered. The primary objective of this endeavor was to unravel the interplay that exists amongst alexithymia, social support, depression, and glycemic control. The inquiry discerned these interrelationships through both univariate and correlational analyses, subsequently delving into a comprehensive exploration of the mediating ramifications engendered by social support and depression in the nexus between alexithymia and glycemic control.





Results

The HbA1c level of patients diagnosed with type 2 diabetes mellitus was recorded as (8.85 ± 2.107), and their current status with regards to alexithymia, social support, and depression were measured as (58.05 ± 4.382), (34.29 ± 4.420), and (7.17 ± 3.367), respectively. Significant correlations were found between HbA1c and alexithymia (R=0.392, P<0.01), social support (R=-0.338, P<0.01), and depression (R=0.509, P<0.01). Moreover, alexithymia correlation with social support (R=-0.357, P<0.01) and with depression (R=0.345, P<0.01). Regarding the mediation analysis, the direct effect of alexithymia on HbA1c was calculated to be 0.158, while the indirect effect through social support and depression were 0.086 and 0.149, respectively. The total effect value was determined to be 0.382, with the mediating effect accounting for 59.95%, and the direct effect accounting for 40.31%.





Conclusion

Alexithymia exerts both direct and indirect adverse effects on glycemic control, thereby exacerbating disease outcomes. Hence, it is imperative to prioritize the mental health status of individuals with type 2 diabetes to enhance overall well-being, ameliorate diabetes-related outcomes, elevate patients’ quality of life, and alleviate the psychological distress and financial burden associated with the condition.





Keywords: type 2 diabetes mellitus, glycemic control, alexithymia, social support, depression, structural equation modeling




1 Introduction

In accordance with a survey conducted by the International Diabetes Federation(IDF) (1), the global prevalence of diabetes mellitus is anticipated to reach approximately 10.5% (536.6 million) in 2021, projecting an escalation to 12.2% (783.2 million) by the year 2045. In tandem with the rapid advancement of China’s economy and urbanization, coupled with elevated living standards and population aging, among other factors, the annual increment in the prevalence of diabetes mellitus has become discernible (2). The prevalence of diabetes mellitus among individuals aged 18 years and above is presently documented at 11.2%, representing the highest prevalence nationwide, with type 2 diabetes mellitus (T2DM) constituting over 90% of these cases (3). Enhancing the degree of glycemic control to impede the progression of complications stands as the principal therapeutic objective for individuals with diabetes (4). It serves as the quintessential standard for averting both microvascular and macrovascular complications in the context of diabetes mellitus (5). Clinically, glycated hemoglobin (HbA1c) emerges as the prevailing benchmark for assessing glycemic control, with a diagnostic threshold set at 7.0% (6). Maintaining blood glucose concentrations within the normative range has the potential to diminish both the frequency and severity of diabetic complications. Conversely, an elevated HbA1c level signifies suboptimal glycemic control over the preceding 2-3 months, thereby escalating the susceptibility to complications, encompassing both microvascular and macrovascular manifestations (7). Prolonged hyperglycemia not only heightens the risk of such complications but also amplifies the likelihood of mortality among affected individuals. Notably, the glycemic control rate among Chinese diabetic patients stands at a modest 50.1% (6), indicating a subpar level that warrants further enhancement. Henceforth, it becomes imperative to ameliorate the degree of glycemic control among individuals afflicted with T2DM with the dual objective of impeding the progression of diabetic complications and concurrently mitigating the psychological burden borne by the patients. Such interventions aim to actualize the enhancement of patients’ quality of life and the alleviation of the associated economic burdens.

T2DM exerts a substantial financial encumbrance upon individuals and their families, owing to its irreversible nature, protracted duration, recurring nature, myriad complications, and the elevated costs associated with its treatment. Liu et al. (8)prognosticate that the aggregate expenditure for adult diabetes in China will surge from US$250.2 billion in 2020 to US$460.4 billion in 2030. This escalation, reflecting an annual growth rate of 6.32% over the period from 2020 to 2030 (5.99% - 6.65%), surpasses the rate of Gross Domestic Product (GDP) growth. This financial burden encompasses both direct costs linked to the prevention and treatment of diabetes and its associated complications, as well as indirect costs encompassing disability, loss of work productivity, and mortality (9). Moreover, the enduring nature of diabetes treatment elevates the susceptibility of patients to psychological disorders (10). These psychological disturbances, in turn, precipitate diminished adherence to treatment regimens and self-management protocols, thereby fostering suboptimal glycemic control. Consequently, the escalated risk of diabetes-related complications and mortality ensues, culminating in a deterioration of patients’ quality of life and an augmentation of healthcare expenditures (11). The involvement of psychological factors in the etiopathogenesis of chronic diseases is awakening the interest of the scientific community (12). Empirical investigations (13) delineate that the incidence of psychological disorders among diabetic patients surpasses that of their non-diabetic counterparts by more than twofold. Consequently, there exists an exigency to enhance the mental well-being of diabetic patients with a view to ameliorating their quality of life and alleviating the associated economic burdens. The prevalence of alexithymia among diabetic patients exceeds that observed in the general population (14). Notably, its detection rate reaches as high as 75.8% in diabetic patients from foreign cohorts (15), and up to 45% among older people diabetic individuals in China, reflecting an upward trajectory (16, 17). Alexithymia exerts adverse effects on clinical manifestations, disease perception, severity, progression, and treatment adherence. These repercussions, in turn, contribute to unfavorable disease outcomes, a diminished quality of life for patients (18, 19), and an augmented risk of mortality (20). Fares et al. (21) discerned a positive correlation between alexithymia and glycemic control in patients diagnosed with T2DM. Notably, the incidence of severe hyperglycemic episodes was threefold higher among individuals with alexithymia compared to those devoid of this psychological disposition. Furthermore, hospitalizations due to hyperglycemia were five times more frequent in patients exhibiting alexithymia compared to their counterparts lacking this psychological trait.

Social support assumes a buffering role in mental health, serving as a protective mechanism against the onset of physical and psychological disorders induced by heightened stress (22). It constitutes a pivotal element in fostering the treatment efficacy and recuperative processes in individuals diagnosed with diabetes (23). Furthermore, social support facilitates enhanced self-management strategies, thereby ameliorating patients’ lifestyles and fortifying disease management, ultimately contributing to an augmentation in glycemic control (24). Its affirmative impact is conspicuous in the context of disease treatment and recuperation (23). Diminished levels of social support can amplify the incidence of alexithymia by constricting the patient’s social milieu, inducing feelings of isolation, and curtailing the capacity to engage in dialogue or express emotions during periods of heightened psychological stress (25).

Concurrently, the progression of diabetes mellitus, coupled with the protracted course of treatment, precipitates the development of complications and an escalation in treatment expenses. Consequently, there is a commensurate augmentation in the psychological burden borne by the patient, with depression emerging as one of the most prevalent negative emotional outcomes (26). The prevalence of depression in individuals with diabetes ranges from 22% to 62% and, in some instances, may ascend to 73% (27), reflecting a prevalence approximately fivefold higher than that observed in the general population (28). Depression is associated with an elevated incidence of complications in diabetic patients, contributing to an increased disability rate and a curtailed life expectancy (29, 30). Moreover, it amplifies mortality rates by approximately 110% (31). Depression further engenders the manifestation of severe psychological symptoms in individuals with T2DM, fostering diminished treatment adherence, exerting a discernible impact on glycemic control, and augmenting the prevalence of alexithymia (32, 33).

In conclusion, a correlation exists among social support, depression, alexithymia, and glycemic control in patients diagnosed with T2DM; however, no study has systematically investigated the precise mechanistic pathways interconnecting these four variables. The current study delved into elucidating the roles of social support, depression, and alexithymia in influencing glycemic control, thereby establishing a foundational framework for clinical practitioners to enhance glycemic control strategies for individuals with T2DM.




2 Materials and methods



2.1 Study design and participants

This study is of a cross-sectional nature, and it recruited individuals diagnosed with T2DM who sought medical care within the endocrine inpatient department and outpatient clinic of a tertiary healthcare facility situated in Chengdu during the period spanning from October 2022 to June 2023.Inclusion criteria: ① Patients who conformed to the diagnostic standards set forth by the World Health Organization in 1999 for T2DM (34). ② Patients with a confirmed T2DM diagnosis for a duration of no less than 6 months. ③Age range: 18 years to 80 years. ④Cognitively sound, capable of regular communication, and possessing a comprehensive understanding of the questionnaire’s content. ⑤Individuals who have provided informed consent and willingly enrolled in this investigation. Exclusion criteria: ① Patients presenting severe chronic ailments, such as those affecting the cardiovascular, cerebral, hepatic, renal, or pulmonary systems; ② Patients afflicted with psychiatric disorders or cognitive impairments (excluding depressed patients); ③ Patients in critical medical states, precluding their ability to collaborate with the investigative procedures.

Sample size calculation:In accordance with the Kendall sample size estimation method, the sample size was determined to be a minimum of ten times the number of variables (35). This study incorporated four research instruments, which included a 12-item General Information Questionnaire, a 3-item Social Support Rating Scale, and a 5-item Hamilton Depression Scale, a 3-item Toronto Narrative Alexithymia Scale, totaling 23 items. Hence, the total sample size comprised 230 cases. To safeguard against potential sample attrition influencing the study outcomes, a 20% sample loss margin was incorporated, resulting in a final sample size of 276 cases, as dictated by the requirements of structural equation modeling. The final sample size of 318 cases was included in conjunction with the actual clinical survey




2.2 Data collection

Prior to commencing the survey, the researcher (XF) engaged in a comprehensive review of the questionnaire’s content. Additionally, any queries or uncertainties were addressed through consultation with pertinent experts or professionals. Throughout the survey process, the researcher elucidated the study’s protocol to the participating patients. Those who consented to participate formally by signing the written informed consent document were subsequently entrusted to independently complete the questionnaires following standardized instructions provided by the researcher. In instances where participants encountered difficulties during the questionnaire completion, the researcher offered appropriate assistance. Upon the conclusion of the questionnaire administration, the researcher collected the completed forms on-site to ensure their comprehensive fulfillment and promptly addressed any vacancies requiring supplementation.




2.3 Ethics approval

The study was approved by the Ethics Committee of the First Affiliated Hospital of Chengdu Medical College (2022CYFYIRB-BA-Oct19), and the subjects signed an informed consent form before the investigation.




2.4 Research instruments



2.4.1 General information questionnaire

12 entries, including gender, age, education, marital status, occupation, per capita monthly household income, presence of health insurance, duration of illness, treatment modalities, presence of complications, co-morbidities, HAb1c.




2.4.2 The social support rating scale

Devised by Chinese psychologist Xiao Shuiyuan (36) in 1986 for the assessment of individual social support, exhibits commendable psychometric properties. The scale contains three dimensions of objective support (3 entries), subjective support (4 entries), and utilization of social support (3 entries), for a total of 10 entries, demonstrates a high level of internal consistency with Cronbach’s alpha coefficients ranging from 0.89 to 0.94 for both the overall scale and its constituent dimensions, alongside an impressive retest reliability of 0.92. Huang Zizin et al. (25) applied this scale to patients with T2DM, revealing a slightly reduced but still acceptable Cronbach’s alpha coefficient of 0.72 for the overall scale. In the present study, the Cronbach’s alpha coefficients for both the total scale and its dimensions ranged from 0.828 to 0.952, reaffirming its reliability. Interpretation of the questionnaire scores is as follows: Scores between 12 and 22 are indicative of a low level of social support, scores ranging from 23 to 43 denote a moderate level of social support, and scores falling within the range of 44 to 66 signify a high level of social support.




2.4.3 The Hamilton depression scale

Employed to assess the degree of patients’ depressive condition, comprises 17 items distributed with 17 entries and 5 factors, i.e., somatization of anxiety, weight, cognitive impairment, silted up, and sleep disturbance. As originally reported by Hamilton himself, the scale exhibits a Cronbach’s alpha coefficients of 0.90, while foreign studies attest to a validity exceeding 0.84. The reliability of the 1988 Chinese version of this scale demonstrates excellence, with empirical veracity coefficients within domestic literature reflecting a substantial clinical symptom severity coefficient of 0.92. Interpretation of the questionnaire’s total score is as follows: Scores falling within the range of ≤ 7 points are indicative of a normal state, while scores ranging from 8 to 17 points denote mild depression, scores of 18 to 24 points represent moderate depression, and scores equal to or exceeding 25 points signify severe depression.




2.4.4 Toronto alexithymia scale 20

The TAS-20, developed by Taylor et al. (37) in 1984 and subsequently adapted by Bagby et al. (38) to create the Toronto Alexithymia Scale TAS-26, underwent translation and revision to yield the Chinese version by Yao Shuqiao et al. (39). The scale exhibits commendable psychometric properties, boasting a Cronbach’s alpha coefficient of 0.83 and retest reliability of 0.87. The scale consists of 20 entries with 3 factors: identifying affective disorders (7 entries), describing affective disorders (5 entries) and extraverted thinking (8 entries). The TAS-20 serves as a universally applicable and widely employed tool for assessing alexithymia, characterized by robust reliability and validity. A questionnaire score equal to or below 60 signifies the absence of alexithymia, whereas a score equal to or exceeding 61 indicates the presence of alexithymia.





2.5 Statistical analysis

The data were exported from the EpiData management software (Chinese version) and subjected to analysis using IBM SPSS 26.0 software. Quantitative data were presented as mean ± standard deviation (`x ± s), while qualitative data were expressed in terms of case count and percentage (%). Linear regression was employed to scrutinize the impact of social support, depression, and alexithymia on glycemic control, and Pearson’s correlation was utilized to investigate the interrelations among these variables. The construction of a structural equation model for factors impacting glycemic control in patients with type 2 diabetes mellitus was executed using AMOS 26.0 software. This encompassed an evaluation based on several goodness-of-fit indices, namely Goodness of Fit Index (GFI), Incremental Fit Index (IFI), Comparative Fit Index (CFI), Standardized Fit Index (NFl), Relative Fit Index (RFI), Non-normalized Fit Index (TLI), Normed Fit Index (NFl), and Root Mean Square Error of Approximation. The indices IFI, CFI, NFI, RFI, and TLI all exceeded 0.9, with RMSEA below 0.08, and 2/DF below 3, adhering to accepted standards (40). A statistically significant difference was ascribed to instances with a P-value less than 0.05.





3 Results



3.1 Participant characteristics

A total of 318 study participants were enrolled in this investigation, comprising 152 males (47.8%) and 166 females (52.2%). Their age distribution was as follows: 22 individuals (6.9%) aged 18-44, 174 individuals (54.7%) aged 45-64, and 122 individuals (38.4%) aged 65 and above. In terms of marital status, 267 participants (84.0%) were married, while 51 participants (16.0%) were not. Employment status revealed 98 participants (30.8%) were employed, and 220 participants (69.2%) were not actively working. Health insurance coverage was prevalent, with 295 participants (92.8%) having it, while 23 participants (7.2%) did not possess health insurance. Additional demographic details of the study cohort are delineated in Table 1.


Table 1 | Sociodemographic characteristics.






3.2 Current status of glycemic control, alexithymia, social support and depression in T2DM patients

The glycemic control level among T2DM patients was determined to be (8.85 ± 2.107), while the indices for alexithymia, social support, and depression were measured at (58.05 ± 4.382), (34.29 ± 4.420), and (7.17 ± 3.367), respectively. Notably, suboptimal glycemic control was evident in 75.47% of cases, with 31.13% of participants exhibiting alexithymia, and a significant 94.97% experiencing an intermediate level of social support. Furthermore, depressive symptoms were reported by 45.6% of the participants. Detailed findings are presented in Table 2.


Table 2 | Glycemic control, alexithymia, social support and depression scores in T2DM patients (M ± SD).






3.3 Univariate analysis of factors influencing glycemic control in T2DM patients

A linear regression analysis concerning alterations in HbA1c was performed, with HbA1c serving as the dependent variable and alexithymia, social support, and depression acting as independent variables. The findings underscored that alexithymia, social support, and depression emerged as significant determinants influencing HbA1c levels in patients diagnosed with T2DM (P<0.05). Elaborative outcomes are delineated in Table 3.


Table 3 | Linear regression analysis of factors affecting HbA1c in patients with type 2 diabetes mellitus.






3.4 Analysis of the correlation between glycemic control, alexithymia, social support and depression in T2DM patients

Pearson correlation analysis was employed to scrutinize the associations among social support, depression, alexithymia, and blood glucose control in individuals diagnosed with T2DM. The outcomes revealed that HbA1c exhibited a positive correlation with both alexithymia (r=0.392, P<0.01) and depression (r=0.509, P<0.01), while demonstrating a negative correlation with social support (r=-0.338, P<0.01). Furthermore, alexithymia displayed a negative correlation with social support (r=-0.357, P<0.01) and a positive correlation with depression (r=0.345, P<0.01). Notably, social support exhibited no significant association with depression (r=-0.095, P>0.05). Comprehensive details are available in Table 4.


Table 4 | Correlations between social support, depression, alexithymia, and glycemic control in patients with type 2 diabetes mellitus.






3.5 Structural equation modeling between for the study of glycemic control in T2DM patients

Derived from the initial model outcomes, inoperative paths were excised, and the initial model underwent refinement through amalgamation with correction indices. This culminated in the formulation of the definitive structural equation model delineating glycemic control in individuals diagnosed with T2DM, as elucidated in Figure 1. The model, presented in a standardized format, encompasses standardized path coefficients. Subsequently, the revised model was re-fitted to the dataset employing the maximum likelihood method. The ensuing results indicated commendable fit indices, including RMSEA=0.043 (<0.08), χ2/df=2.577 (<3), GFI=0.973 (>0.9), AGFI=0.948 (>0.9), IFI=0.952 (>0.9), TLI=0.918 (>0.9), and CFI=0.949 (>0.9), all well within the normative range of values. Additionally, NFI=0.878 (<0.9) and RFI=0.804 (<0.9), though marginally below 0.9, still fall within the acceptable threshold, affirming the enhanced fit of the refined model. For comprehensive specifics, refer to Table 5.




Figure 1 | Modified model of glycemic control in patients with types 2 diabetes mellitus. USS, utilization of social support; SS, subjective support; OS, objective support; Cl, cognitive impairment; SU, silted up; SA, somatization of anxiety; SD, sleep disorder; W, weight.




Table 5 | Evaluation results of the optimal model fit goodness-of-fit.






3.6 Effect analysis of structural equation modeling variables

The refined model exhibited fitting indices within acceptable parameters. The model outcomes indicated that social support manifested a negative association with depression (β=-0.336, t=-2.398, P=0.016), and likewise, social support displayed a negative correlation with alexithymia (β=-0.405, t=-3.566, P<0.001). Moreover, social support revealed an inverse relationship with glycemic control (β=-0.346, t=-3.437, P<0.001). Conversely, depression exhibited a positive connection with alexithymia (β=0.318, t=3.233, P=0.001) and also demonstrated a positive correlation with glycemic control (β=0.434, t=4.168, P<0.001). Notably, alexithymia exhibited no statistically significant relationship with glycemic control (P>0.05), as elucidated in Table 6.


Table 6 | Parameter estimation of a modified model of social support, depression, alexithymia and glycemic control in patients with type 2 diabetes mellitus.







4 Discussion

The study findings indicated that social support exerts a direct and indirect impact on glycemic control through depression. Social support was observed to have a direct effect on alexithymia. Depression exhibited direct influences on both alexithymia and glycemic control. Furthermore, a correlation was established between alexithymia and glycemic control; however, the specific pathways connecting these two variables remain unconfirmed within the scope of this investigation. This study establishes a theoretical foundation for elucidating the impact of social support, depression, and alexithymia on glycemic control through an examination of the intricate pathways interconnecting social support, depression, and alexithymia with glycemic control. Furthermore, it furnishes theoretical substantiation for enhancing glycemic control in individuals with T2DM with the ultimate goal of ameliorating the overall glycemic control in T2DM patients. The overarching objective is to impede the progression of complications, thereby enhancing the quality of life for patients, while concurrently mitigating the perceptual and economic burdens associated with the disease.



4.1 Current status of social support in T2DM patients

The study results revealed that the comprehensive social support score for patients diagnosed with T2DM was (34.29 ± 4.42), indicating a moderate level. This finding aligns with the research conducted by Al-Dwaikat et al. (41) and contrasts with the outcomes reported by Qin Wen et al. (42) (39.27 ± 8.82), where social support levels were higher. Specifically, the subjective support score ranked highest, followed by the objective support score, while the social support utilization score was the lowest. This pattern resonates with the outcomes of a social support survey for diabetic patients conducted by Liu Qing et al. (43). Notably, patients exhibited a relatively high subjective perception of acquiring social support; however, the practical benefits derived from this assistance were diminished, impeding their ability to fully harness external aid. This suboptimal utilization of support resulted in consequences such as social isolation and delayed medical intervention (44), thereby influencing the efficacy of disease treatment. Social support not only exerts a direct positive influence on well-being but also functions as a buffer, shielding individuals from health issues induced by excessive stress (22). Adequate social support not only serves as a protective factor for individuals navigating health crises across diverse medical conditions but also correlates with a reduction in medication dependency, expedited recuperation, and enhanced adherence to therapeutic regimens (45). It is imperative to enhance objective support mechanisms and optimize the utilization of social support by patients, thereby maximizing the efficacy of such support systems and mitigating the burden of disease.




4.2 Current status of glycemic control in T2DM patients

The investigation revealed that the glycemic control level among patients with T2DM was (8.85 ± 2.107), surpassing that observed in Polish diabetic cohorts as reported by Cyranka et al. (46) (7.11 ± 1.0) and falling below the corresponding level found in Turkish diabetic subjects in the investigation by Celik et al. (23) (9.98 ± 1.80). This discrepancy underscores the discernible variability in the prevailing state of glycemic control among patients across diverse geographic regions. Notwithstanding the intermediary status of glycemic control observed in the subjects of this investigation, it demonstrated a noteworthy elevation compared to the established normative threshold (7.0%) (6). Nonetheless, the incidence of suboptimal glycemic control persisted at a considerable level. Prolonged exposure to elevated blood glucose levels in patients is known to instigate the onset of macrovascular complications, such as cardiovascular diseases (47), microvascular complications, including retinopathy and nephropathy (48), thereby amplifying the overall risk of mortality (49). Hence, it is recommended that clinical practitioners fortify the regimen of glycemic control in diabetic cohorts to ameliorate adverse pathological outcomes, augment the quality of life for patients, and mitigate the economic burdens associated with the condition.




4.3 Impact of alexithymia on glycemic control in patients with T2DM

The current investigation elucidated a positive correlation between alexithymia and glycemic control among patients diagnosed with T2DM, aligning with the findings reported by Celik et al. (23). This concordance implies that individuals exhibiting alexithymic traits tend to manifest inferior glycemic control in comparison to their non-alexithymic counterparts. The failure to recognize body symptoms and emotion perceptions could lead to a further incomprehensible psychological and physical suffering, due to poorly regulated diabetes, which may limit the ability to manage their metabolic disease (50). Within the diabetic population, heightened psychological stress may recurrently or persistently activate glucose metabolic pathways, culminating in aberrant glucose concentrations beyond the normative spectrum. Such perturbations in metabolic homeostasis contribute to an inability to sustain glucose levels within physiological bounds, thereby fostering suboptimal glycemic control. Furthermore, psychological stress exerts a deleterious influence on patient self-management, diminishing adherence to therapeutic regimens and consequently engendering compromised glycemic control (51). Alexithymia emerges as a significant psychological determinant contributing to compromised glycemic control (52). Individuals characterized by alexithymic features tend to defer their pursuit of assistance, owing to challenges in articulating and discerning their personal emotional states. This delay, coupled with a reduction in others’ capacity to perceive the patient’s needs accurately, results in a lapse in the timely fulfillment of the patient’s requisites. This circumstance amplifies the psychological burden borne by the patient and diminishes adherence to the prescribed therapeutic interventions, ultimately culminating in suboptimal glycemic control (23). Nevertheless, in the investigations conducted by Mnif and Hintistan et al (15, 53) concerning alexithymia and glycemic control in T2DM patients, the establishment of a conclusive correlation between glycemic control and alexithymia has not been discerned. This absence of a clear association may be attributed to idiosyncrasies within the sampled populations and variances in the methodologies employed for measurement. Consequently, the inquiry into the interrelation between alexithymia and glycemic control necessitates augmentation through additional related studies to enhance the overall persuasiveness of the research.




4.4 Impact of social support on glycemic control in patients with T2DM

The study findings indicate an inverse relationship between glycemic control and social support; specifically, a diminished level of social support correlates with a deterioration in glycemic control among diabetic patients. This concurrence aligns with the outcomes reported by Castillo-Hernandez et al. (54). Psychosocial stressors may also lead to decreased immune surveillance as well as abnormal activation of the autonomic nervous system (ANS) and the hypothalamic-pituitary-adrenal axis (HPA), which may affect the patient’s control of the disease (12). In the context of T2DM, social support encompasses emotional, material, and informational facets, serving as a facilitator for enhancing patient adherence to medication protocols, blood glucose monitoring, and lifestyle modifications (e.g., dietary control, physical exercise) (55). This multifaceted support structure aims to ameliorate patients’ self-management proficiency and, consequently, elevate glycemic control, thereby augmenting the overall efficacy of disease management. Conversely, a paucity of social support may engender a deficiency in requisite medical information and assistance for patients, diminishing their cognizance of the ailment. This may result in a procrastination of disease intervention, thereby impinging upon patients’ self-management capabilities and exerting a deleterious impact on glycemic control.

Furthermore, social support may exert a detrimental impact on glycemic control through its association with depression, a phenomenon akin to the observations made by Burns et al. (56) in diabetic patient cohorts. Beyond the direct provision of tangible and spiritual support, the influence of social support on patients’ psychological state emerges as an additional mechanism by which it can affect glycemic control. Social support serves to mitigate psychological stress, assuage adverse emotional states, empower individuals to confront challenges, and enhance self-efficacy in surmounting obstacles (57). Conversely, inadequate social support may precipitate feelings of isolation, helplessness, and anxiety in recipients, potentially culminating in depressive states. Patients enduring chronic depression may experience a decline in confidence regarding their therapeutic regimen, fostering a lack of motivation for self-management and control. This, in turn, can contribute to suboptimal glycemic control.




4.5 Effect of depression on glycemic control in T2DM patients

The findings further revealed a positive association between depression and blood glucose control, indicating that elevated depression scores correlate with a deterioration in blood glucose regulation, consistent with the observations of Gonzalez et al. (58). Depression may precipitate physiological alterations in patients, contributing to suboptimal glycemic control in diabetic individuals. Mechanistically, this influence is manifested through the activation of the hypothalamo-pituitary-adrenal axis, stimulation of the sympathetic nervous system, and an escalation in inflammatory responses and platelet aggregation (59). Furthermore, depression may exacerbate the clinical condition and heighten the susceptibility to complications. Secondly, depression can instigate alterations in patients’ attitudes and behaviors towards the ailment, diminishing their inclination to actively engage in treatment and detrimentally impacting self-management facets such as dietary practices, exercise, glucose monitoring, and medication adherence (60, 61). This, in turn, exerts an adverse influence on glycemic control, potentially escalating the severity of the disease, amplifying medical expenditures, and heightening the likelihood of diabetic complications and mortality (62). Moreover, depression may disrupt patients’ social functioning, with chronically depressed individuals experiencing a reduction in social engagement and a decline in overall quality of life. These factors may further compromise the proficiency of glycemic control.




4.6 Limitations

This study constitutes a single-center cross-sectional investigation, potentially compromising the representativeness of the encompassed population. Furthermore, the limited sample size may pose a constraint on the generalizability of the findings. To enhance the robustness of future inquiries, multicenter studies incorporating a more diverse diabetic population could be considered, thereby bolstering the external validity of the results. Additionally, intervention studies investigating the impact of alexithymia on glycemic control could be undertaken to augment the persuasiveness of the outcomes.




4.7 Conclusions

In this investigation, we formulated a structural equation model encompassing social support, depression, alexithymia, and glycemic control. We scrutinized the intricate pathways through which these factors exert influence on glycemic regulation in diabetic patients. Our findings suggest that enhancing the level of social support and conducting timely assessments of mental health are imperative measures. These interventions aim to ameliorate the physical and psychological stress experienced by patients, subsequently elevating patients’ adherence to treatment and self-management practices. This, in turn, contributes to an enhancement in glycemic control among individuals afflicted with T2DM and those at risk. The optimization of glucose control not only serves to retard the progression of complications and mitigate the risk of mortality but also endeavors to enhance the overall quality of life for patients. Simultaneously, such interventions aspire to alleviate both social and economic burdens associated with T2DM.
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Background

Testosterone (T) therapy increases lean mass and reduces total body and truncal fat mass in hypogonadal men. However, the underlying molecular mechanisms for the reciprocal changes in fat and lean mass in humans are not entirely clear.





Methods

Secondary analysis of specimens obtained from a single-arm, open-label clinical trial on pharmacogenetics of response to T therapy in men with late-onset hypogonadism, conducted between 2011 and 2016 involving 105 men (40-74 years old), who were given intramuscular T cypionate 200 mg every 2 weeks for 18 months. Subcutaneous fat (SCF), peripheral blood mononuclear cells (PBMC) and serum were obtained from the participants at different time points of the study. We measured transcription factors for adipogenesis and myogenesis in the SCF, and PBMC, respectively, by real-time quantitative PCR at baseline and 6 months. Serum levels of FOLLISTATIN, PAX7, MYOSTATIN, ADIPSIN, and PRDM16 were measured by ELISA.





Results

As expected, there was a significant increase in T and estradiol levels after 6 months of T therapy. There was also a reduction in fat mass and an increase in lean mass after 6 months of T therapy. Gene-protein studies showed a significant reduction in the expression of the adipogenic markers PPARγ in SCF and ADIPSIN levels in the serum, together with a concomitant significant increase in the expression of myogenic markers, MYOD in PBMC and PAX7 and FOLLISTATIN levels in the serum after 6 months of T therapy compared to baseline. Interestingly, there was a significant increase in the adipo-myogenic switch, PRDM16, expression in SCF and PBMC, and in circulating protein levels in the serum after 6 months of T therapy, which is likely from increased estradiol.





Conclusion

Our study supports that molecular shift from the adipogenic to the myogenic pathway in men with hypogonadism treated with T could be mediated directly or indirectly by enhanced PRDM16 activity, in turn a result from increased estradiol level. This might have led to the reduction in body fat and increase in lean mass commonly seen in hypogonadal men treated with T.
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1 Introduction

Age-related reduction in gonadal steroids is associated with changes in body composition, i.e., increase in fat mass and decrease in lean mass (1) These body composition changes, result not only from the lack of androgens, but also from the reduced amount of the androgen-derived estrogen (2). In these subjects, testosterone (T) therapy results in improvement in the body composition (3) possibly due to the combined action of T and that of estradiol (E2) deriving from T. Previous studies from our lab demonstrated the improvement in body composition with T therapy (4, 5). The mechanism underlying the effect of T in enhancing myogenesis and ablating adipogenesis has been explored in vitro (6), and in pre-clinical models (7) however, data in humans are scarce. Myocytes, and adipocytes originate from a common mesenchymal stem cell (MSCs) (8). How MSCs differentiate into distinct lineages under the influence of T in hypogonadal men needs to be explored. The commitment of MSCs to a particular lineage always rely on interaction among transcriptional regulators with crucial genes. One such gene is positive regulatory domain zinc finger region protein 16 (PRDM16),a highly conserved 140kDa zinc finger transcriptional co-regulator (9) which has important function in cell fate determination and function of brown and beige adipocytes, in maintenance of hematopoietic and neural stem cells, and proliferation of cardiomyocytes (10, 11). Though PRDM16 is a nuclear bound transcription factor, Pinheiro et al, identified Prdm16 and Prdm3 as redundant H3K9ME1-speciifc methyl transferases in the cytoplasm directing methylation via anchoring to nuclear periphery to maintain integrity of mammalian heterochromatin (12). Evidence suggests that Prdm16, transcriptional factor involved in brown fat adipogenesis (13), interacts with peroxisome proliferator-activated receptor γ (PPARγ) (14) and CCAAT-enhancer binding protein-alpha (CEBPα) (15) resulting in the trans-differentiation of myoblasts to brown adipocytes (16). When it comes to interaction between these genes and sex steroids, Zhao et al. found that androgen receptor (AR) directly binds the Prdm16 locus and inhibit white adipose tissue (WAT) browning via suppression of Prdm16. These investigators also reported higher PRDM16 levels in WAT of women (17). Moreover, the administration of E2 resulted in WAT browning from an increase in the browning genes UCP-1, PGC-1α, and Prdm16 and decreased body weight and visceral fat in ovariectomized (OVX) mice (18). Altogether, the above studies imply the crucial role of PRDM16 in adipose tissue biology. Furthermore, though the above findings are consistent with the regulatory role of both T and E2 in adipose tissue deposition and browning, the specific factors involved are still to be identified.

Aside from prior study showing that T administration in eugonadal men resulted in an increase in PAX7 (Paired box 7), a transcription factor which regulates the regeneration and proliferation of myogenic precursors (19) most of the information available comes from in-vitro or pre-clinical models with limited scope. In this study, we aim to evaluate the in-vivo gene-protein machinery involved in adipogenesis and myogenesis in hypogonadal men given T therapy. We hypothesize that PRDM16 plays a crucial role in the observed reduction in fat mass and increase in lean mass with T therapy in hypogonadal men. Results from this study may provide a consolidated mechanistic insight on how T improves the body composition in hypogonadal men.




2 Materials and methods



2.1 Study design, study participants, and intervention

This study is an analysis of the longitudinal data and samples obtained from a prior open-label clinical trial (NCT01378299) investigating the pharmacogenetics of CYP19A1 gene on the response to testosterone therapy in men with hypogonadism. A total of 342 male veterans attending the Endocrine, Urology and Primary Care Clinics of the New Mexico Veterans Administration Health Care System (NMVAHCS) and Michael E. DeBakey Veterans Affairs Medical Center (MEDVAMC) were screened for the study. Recruitment was accomplished either through flyers or letters to physicians about patients who may qualify for the study. Written informed consent was obtained from each subject. The protocol was approved by the Institutional Review Board of the University of New Mexico School of Medicine and the Baylor College of Medicine; and study was conducted in accordance with guidelines in the Declaration of Helsinki for the ethical treatment of human subjects.




2.2 Inclusion, and exclusion criteria

Information regarding study design, inclusion, and exclusion criteria of the subjects, as well as details of T therapy have been published elsewhere (4), Briefly, participants in this study included men, between 40 and 75 years of age with an average fasting, morning (between 8 to 11AM) total T level taken twice, at least 30 minutes apart, of <300 ng/dl, with no medical problems that may prevent them from finishing the study. Exclusion criteria included treatment with bone-acting drugs (e.g., bisphosphonates, teriparatide, denosumab, glucocorticoids, sex steroid compounds, selective estrogen receptor modulators, androgen deprivation therapy, and anticonvulsants) and finasteride. Additional exclusion criteria included osteoporosis and history of fragility fractures or diseases known to affect bone metabolism, such as hyperparathyroidism, chronic liver disease, uncontrolled or untreated hyperthyroidism, and significant renal impairment (creatinine of >1.5 mg/dl). Those with a history of prostate cancer, breast cancer, and untreated sleep apnea also met the criteria for exclusion.




2.3 Testosterone therapy

Testosterone cypionate was initiated at a dose of 200 mg every 2 weeks by intramuscular injection and adjusted to a target serum testosterone level between 17.3 to 27.2 nmol/L (500–800 ng/dl). However, after the 3rd year of the study upon the direction of the FDA, this target was changed to 17.3–20.8 nmol/L (300–600 ng/dl). This change affected the data in the last 6M of 16 subjects at NMVAHCS and all 15 subjects at MEDVAMC. Comparing testosterone levels at different timepoints showed no significant differences between those who were and those not affected by the change except at 6M where levels are higher for those affected. T therapy was given for 18 months. Fifty-one participants at NMVAHCS did self-injections, 38 received injections from the study team only, while 2 started with the study team and later did self-injections. At MEDVAMC, 5 subjects received injections from the study team while 10 did self-injections. Dosage adjustments were based on serum testosterone and hematocrit levels, and occurrence of symptoms and done by increments or decrements of 50 mg. A decrease in the dose was done for patients who develop a hematocrit of >52%. Repeat testosterone measurement was performed 2 months after a dose change, including a repeat hematocrit for those with elevated hematocrit. Otherwise, testosterone levels were measured at baseline, 3, 6, 12 and 18 months. Safety monitoring included assessment of prostate specific antigen (PSA), hematocrit, lipid profile, liver enzymes at baseline, 3, 6, 12, and 18 months.




2.4 Body mass index (BMI)

Body mass index (BMI) calculated as weight (kg) divided by the square of the height (m2). Height and weight were measured using a standard stadiometer and weighing scale, respectively.




2.5 Body composition

Assessment of body composition was performed by dual-energy X-ray absorptiometry (DXA) (Hologic-Discovery; Enhanced Whole Body 11.2 software version; Hologic Inc, Bedford, MA; USA) at baseline, 6, 12 and 18 months as previously described (4) Fat-free mass was calculated by adding whole body bone mineral content to the lean mass. The CV for lean mass and fat mass in our laboratory is 1.5% (20).




2.6 Subcutaneous fat biopsy

Fat biopsies were performed on patients recruited at the NMVAHCS at baseline and after 6 months of T therapy as previously described (4). Briefly, fat samples were obtained from the abdominal subcutaneous adipose tissue depot. The periumbilical area was disinfected and local anesthesia using 2% lidocaine was applied before proceeding with a small incision. Adipose tissue (~500 mg) was collected using a liposuction needle under sterile conditions. Samples were then washed in isotonic NaCl, snap-frozen in liquid nitrogen and kept at −80°C until utilization for the gene expression studies. A limited number of samples were available to perform longitudinal analysis of gene and protein expression that occur with T therapy in hypogonadal men (N=15 for SAT, N=22 for PBMC and N=38 for serum assessments).




2.7 Gene expression studies



2.7.1 Subcutaneous fat (SCF)

We measured the adipogenic transcription factors (PPARγ, CEBPα), enzymes (LPL, Adipsin) from (SCF) in triplicates using real-time quantitative polymerase chain reaction at BL and 6M respectively. Total RNA was isolated from SCF obtained at baseline and after 6M using RNeasy Plus Universal Mini Kit (QIAGEN, Valencia, CA, USA) and Fast Prep 24–5G homogenizer (MP Biomedicals, Santa Ana, CA, USA) following the manufacturer’s instructions. The quality and quantity of total RNA were analyzed by using both, nanodrop and Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). RNA was extracted as above and 200ng of RNA were used for retro transcription into cDNA and performed using Superscript VILO Master Mix (Invitrogen, Carlsbad, CA, USA) following protocol instructions. FAM-labeled TaqMan Gene expression assays (Applied Biosystem, College Station, TX, USA) for PPARγ (Assay ID: Hs01115513_m1); CEBPα (Assay ID: Hs00269972_s1); Lipoprotein Lipase (LPL)(Assay ID: Hs00173425_m1), and VIC-labeled TaqMan gene expression assay for housekeeping 18S (Assay ID: Hs03928990_g1) and TaqMan Universal Master Mix in triplicates were used following the manufacturer’s protocol. Estrogen receptor (ESRα) and Cytochrome P450 Family 19 Subfamily A member 1 (CYP19A1) gene expression from SCF were previously analyzed and reported in a prior publication (20) The gene expression data of both genes in the subset of men who were part of this study are included in the analysis.




2.7.2 Peripheral blood mononuclear cells (PBMC)

PRDM16, MYF-5, MYO-D and PAX-7 gene expression from PBMC was performed by real-time quantitative polymerase chain reaction at baseline (BL), 6months (6M). As earlier results from our lab indicated that the effect of T therapy is maximal after 6M, we chose to study the specimens at BL and 6M. RNA was extracted from PBMC using RiboPure Blood (Invitrogen, #AM1928). 200ng of RNA were used for retro transcription into cDNA and performed using Superscript VILO Master Mix (Invitrogen, Carlsbad, CA, USA) in triplicates following protocol instructions. FAM-labeled TaqMan Gene expression assays (Applied Biosystem, College Station, TX, USA) for myoblast determination protein 1 (MYOD1) (Assay ID: Hs00159528_m1); Myogenic factor 5 (MYF5) (Assay ID: Hs00929416_g1); PRDM16 (Assay ID: Hs00223161_m1); PAX7 (Assay ID: Hs00242962_m1); and VIC-labeled TaqMan gene expression assay for housekeeping 18S (Assay ID: Hs03928990_g1) and TaqMan Universal Master Mix were used following the manufacturer’s protocol.




2.7.3 Relative quantification

ΔΔCT relative quantification: gene expression of our sample vs gene expression of human control total RNA (Applied Biosystem #4307281) adjusted for housekeeping gene expression. Data analysis was performed using Real Time PCR system QuantStudio5 and Quant Studio Design & Analysis Software 1.3.1, respectively.





2.8 Elisa studies

The following were measured using enzyme linked immunosorbent assay (ELISA)kits: Human ADIPONECTIN kit EZHADP-61K Human Leptin kit, EZHL-805K, Temecula, CA, USA); Human FOLLISTATIN (FST) ELISA kit, DFN00; Human GDF-8/MYOSTATIN Immunoassay DGDF80, (Quantikine; R&D Systems, Minneapolis, MN,USA),; Human CFD Elisa kit (EHCFD) (Invitrogen, Carlsbad, CA, USA), PRDM16 Human Elisa kit (Biomatik, EKN52948, Wilmington, Delaware, USA); PAX7 Immunoassay kit (MBS2606278). The CVs for the above assays in our laboratory are <10%. There were a limited number of patients who had corresponding baseline and 6-month samples available to perform longitudinal analysis of gene and protein expression, i.e., N=15 for SCF, N=22 for PBMC and N=38 for serum assessments. An additional file shows the details of kits, chemicals, and instrumentation details (See Supplementary Table) used in this study.




2.9 Statistical analysis

As earlier results from our lab, effect of T therapy is maximal after 6M, we chose to study the specimens at baseline (BL) and 6months (6M). All data are presented as mean ± SEM in figures and mean ± SD in table, were analyzed by Two-tailed Student’s paired or unpaired t test. The association between changes in body composition and changes in PRDM16 were analyzed by simple regression analysis. All analyses were performed using Prism 9.0 (GraphPad, San Diego, CA, USA). A p value of < 0.05 is considered significant.





3 Results

Table 1 shows the body composition, hormonal profile, adipogenic and myogenic markers in the forty men with available baseline (BL) and 6M samples of SCF, PBMC and serum included in the analysis. There were significant increase in T (BL: 258.6 ± 90.34 ng/dl vs 6M:578.3 ± 241.7 ng/dl, p=0.001), E2 (BL: 15.69 ± 6.06 pg/ml vs 6M:39.4 ± 21.2 pg/ml, p=0.001) and estradiol/testosterone ratio (E/T) (BL: 0.70 ± 90.38 vs 6M:71.3 ± 40, p=0.001) (Table 1) at 6 months when compared to baseline. Furthermore, T therapy resulted in a significant decrease in total % body fat (BL:30.71 ± 6.35% vs 6M:27.8 ± 5.2%, p<0.05) along with significant increase in total lean mass (BL: 63201 ± 5894 g vs 6M: 67006 ± 7495 g, p=0.03) (Table 1) There were no significant differences in the other parameters such appendicular lean mass, trunk fat mass, total body fat mass and fat free mass between BL and 6 months.


Table 1 | Six months of T therapy improved the body composition in hypogonadal men.



We next studied the gene and protein machinery that may be involved in the changes in body composition we observed in-vivo.



3.1 Adipogenic

Our results showed that T therapy resulted in the significant reduction in the adipogenic gene mRNA levels of PPARγ, in SCF (BL: 2.59 ± 0.57 vs 6M: 1.22 ± 0.26, p=0.03) (Figure 1A) Gene expression of CEBPα, displayed a non-significant trend for reduction (1.7-fold from baseline; p=0.10) (Figure 1B) in SCF. Similarly, LPL, a key factor in lipid homeostasis, was also non-significantly reduced (BL: 2.81 ± 0.73 vs 6M: 1.74 ± 0.6, p=0.27) (Figure 1C). On the other hand, the levels of serum ADIPSIN, significantly decreased with T therapy (BL:1864 ± 1538 ng/ml vs 6M:1193 ± 520.5 ng/ml p=0.02) (Figure 1D), while levels of serum ADIPONECTIN and LEPTIN did not vary significantly (Table 1).




Figure 1 | T therapy downregulated the adipogenic gene machinery with reduction in mRNA levels of adipogenic markers (A) PPARγ, (B) CEBPα, and (C) LPL in Sub cutaneous fat (SCF), and in (D) Adipsin protein levels in the serum after 6 months of T-therapy in hypogonadal men. Data shown as Mean ± SEM. All analyses were done using Two-tailed Student’s paired or unpaired t test; bolded p values are significant at 6 months compared to baseline.






3.2 Myogenic

Because previous studies have demonstrated that PBMC gene expression is strongly correlated with skeletal muscle transcriptional profile (21) we examined the expression of skeletal muscle gene machinery in PBMC. There was a non-significant trend for increased expression of PAX7 with T therapy (BL:1.27 ± 0.17 vs 6M: 1.89 ± 0.44, p=0.2) (Figure 2A), in PBMC. However, a significant increase in PAX7 from baseline (BL:31.22 ± 13.3 ng/ml vs 6M: 42.3 ± 13.9 ng/ml, (p=0.001) (Figure 2D) was observed in the serum. Because Pax7 regulates the activation of myogenic regulators (22), we next analyzed the expression of the myogenic lineage gene machinery by RT-qPCR in PBMC. Although T therapy did not result in a significant increase in expression of the myomarker MYF5 (BL: 6.1 ± 9.7 vs 6M: 14.06 ± 6.14, p=0.18), (Figure 2B), there was a significant increase in the expression of its downstream effector MYOD1, (Figure 2C) (BL:1.34 ± 0.35 vs 6M: 8.2 ± 12.7, p=0.02). Also, previous studies found that T-therapy upregulated FST in satellite cells (23), hence we assessed FST serum levels following 6M of T therapy and observed a significant increase (BL: 2344 ± 1684 pg/ml vs 6M: 3508 ± 1745 pg/ml, p=0.003) (Figure 2E) in levels. However, serum MYOSTATIN levels did not vary following T treatment (BL: 3437 ± 2029 pg/ml vs 6M: 2882 ± 1800pg/ml, p=0.40) (Table 1).




Figure 2 | T therapy enhanced Myogenic gene machinery. mRNA levels of (A) PAX7 and (B) MYF5 were moderately increased along with significant increase in mRNA levels of myogenic marker (C) MYOD in peripheral blood mononuclear cells (PBMC); Protein levels of (D) Serum PAX7 and (E) Serum FOLLISTATIN after 6 months of T-therapy in hypogonadal men. Data shown as Mean ± SEM. All analyses were done using Two-tailed Student’s paired or unpaired t test; bolded p values are significant at 6 months compared to baseline.






3.3 Adipomyogenic switch

We investigated the expression of the adipo-myogenic switch, PRDM16, and observed a significant upregulation of PRDM16 expression in the SCF (BL: 2.59 ± 0.56 vs 6M: 1.23 ± 0.26, p=0.03). (Figure 3A) and in the PBMC (BL: 1.8 ± 0.42 vs 6M: 4.5 ± 0.92, p<0.01), (Figure 3B) after 6 months of T therapy. Serum level of PRDM16 was also significantly increased (BL: 0.30 ± 0.11 ng/ml vs 6M: 0.55 ± 0.72 ng/ml, p=0.042) (Figure 3C) following 6M of T therapy.




Figure 3 | Increase in the expression of PRDM16, in mRNA levels of (A) PRDM16 in Sub cutaneous fat (SCF) and (B) PRDM16 in peripheral blood mononuclear cells (PBMCs), and (C) Protein levels (Serum PRDM16) after 6 months of T-therapy in hypogonadal men. Data shown as Mean ± SEM. All analyses were done using Two-tailed Student’s paired or unpaired t test; bolded p values are significant at 6 months compared to baseline.



We examined the correlation between the changes PRDM16 levels in the different tissues and body composition. We found no significant correlations between the changes in PRDM16 in the SCF, PBMC and serum with changes in any parameters of body fat. We also found no correlation between the changes in PRDM16 in the SCF and PBMC with total and appendicular lean and fat-free mass. However, significant correlations were observed between changes in PRDM16 protein levels in the serum with changes in total lean mass (r=0.65, p=0.002), appendicular lean mass (r=0.48, p=0.02) and fat-free mass (r=0.51, p=0.01), see Figure 4.




Figure 4 | Simple regression analysis showing changes (%) in PRDM16 in the serum are significantly positively correlated with changes (%) in: (A) total lean mass (r=0.65, P=0.002); (B) Appendicular lean mass (r=0.48, P=0.02); (C) fat-free mass (r=0.51, P=0.01) with testosterone therapy.







4 Discussion

Previous studies demonstrated a reduction in total body and truncal fat mass along with an increase in lean mass in T-treated hypogonadal men (4, 5). Although animal and in-vitro studies suggest reduced adipogenesis coupled with increased myogenesis as the mechanisms for this observation, occurrence of these changes in humans and which pathways are involved, remain uncertain. The present study confirmed the reduction in the expression of adipogenic and an increase in myogenic modulators occur in human subjects taking T. More importantly, our results also suggest for the first time the potential role of enhanced PRDM16 in regulating these pathways perhaps directly or indirectly by unknown downstream targets which was never explored before, providing insights into a regulatory network that underpins the positive effects of T on body composition in men with hypogonadism.

The anti-adipogenic effect of androgens has been suggested by studies demonstrating that T and its metabolite, dihydroxytestosterone (DHT), downregulate PPARγ, a key transcription factor regulating adipogenesis and CEBPα, a transcription factor that coordinates proliferation and differentiation of adipocytes (24). This results in inhibition of the commitment of subcutaneous human adipose stem cells obtained from nonobese women to preadipocytes and reduce early-stage adipocyte differentiation Moreover, Singh et al., reported that administration of T (0-300nM) or DHT(0-30nM) to C3H10T1/2 to pluripotent cells not only inhibited adipogenic lineage, but also promoted the commitment of MSCs to the myogenic lineage (6). On the other hand, the CYP19A1 activity present in the adipose tissue results in conversion of T to E2 (See Figure 5). In vivo studies in female ovariectomized rats demonstrated downregulation of the adipogenic markers with E2 treatment (25). These studies suggest that both T and E2 are involved in downregulation of adipogenesis. Our results agree with these findings; we observed a significant reduction in adipogenic machinery, primarily PPARγ, in SCF following 6M of T therapy. Moreover, even though we did not detect significant changes in circulating LEPTIN and ADIPONECTIN, we found significant decrease in ADIPSIN, another adipokine, linked to increased fat mass and adipose tissue dysfunction in metabolic disorders (26), at 6M of T therapy. Since myocytes and adipocytes are derived from the same MSCs, we sought to elucidate the T-induced signaling that may explain the fat and muscle changes observed in hypogonadal men.




Figure 5 | T therapy reduced adipogenic machinery and enhanced Myogenic gene machinery. T activate the MSCs via PAX7 to promote the commitment of MSCs to the myogenic lineage and subsequently activate MYF5 a key transcription factor for myogenic stem cells commitment to myoblast lineage. This in turn might increase the expression of its downstream effector myoblast determination protein 1 (MYOD1), a transcription factor promoting myoblast proliferation and FOLLISTATIN leading to myotube formation. On the other hand, Estradiol formed from T by the action of CYP19A1 activates the formation of PRDM16, which not only acts as a bi-directional switch between adipogenesis and myogenesis but also causes thermic browning which along with unknown downstream targets might enhance myogenesis. Thus, adipogenic gene machinery of PPARγ, and ADIPISIN are decreased significantly leading to reduction in fat mass by T therapy.



PRDM16 is recognized as the factor involved in the switch from white to brown adipocytes, and possibly also as the interconvertible switch between myocyte to adipocyte lineage differentiation (16). Interestingly, we found a significant increase in PRDM16 expression in SCF, PBMC, and in serum with T therapy. We believe that this is due to the increase in E2 which likely upregulates PRDM16 in the different tissue compartments. Although Zhao et al. showed a negative regulation of PRDM16 by androgens in animals given a nonaromatizable androgen (17), these authors also reported higher levels of PRDM16 in the omental WAT of women compared to men (17) suggesting that the presence of E2 (which is normally found in humans irrespective of gender), overcomes the suppressive effect of androgens on PRDM16. Moreover, an in-vitro study by Sul et al. reported that the adipose tissue browning effect of E2 could be mediated by enhanced levels of PRDM16 (18). Our results showed significantly increased levels of circulating E2 and E/T ratio after 6 months of T therapy, likely from enhanced conversion of exogenously administered T to E2. This could account for the increased expression of PRDM16 not only in the SCF, but also in the PBMC and in the serum of men treated with T. We hypothesize that E2 has stimulatory effect on PRDM16 biosynthesis and is responsible for the increase in PRDM16 in all tissues examined in our subjects. While prior studies have established PRDM16 as the crucial switch between white and brown adipogenesis (13), a study by Jiang et al. suggested that it may also function as a switch between adipogenesis and myogenesis (27). In their study, targeted inhibition of PRDM16 by MIR-499 resulted in inhibition of adipogenic while enhancing myogenic markers. Results from our study seem to support the potential role of PRDM16 on the shift from adipogenesis to myogenesis.

Aside from browning of white adipose tissue, it is possible that PRDM16 could have a significant contribution to other aspects of adipose tissue biology. Overexpression of PRDM16 was found to reduce adipogenesis by inhibiting maturation of pig preadipocytes to mature adipocytes through increased lipolysis (28). In this study, there was a significant reduction on PPARγ expression in the early stages of preadipocyte differentiation. Similarly, we found a significant reduction in PPARγ and increase in PRDM16 in the SCF of our subjects which may account for decreased body fat in our hypogonadal men treated with T.

In the myogenic cascade, PAX7 is the critical transcription factor which regulates regeneration and proliferation of myogenic precursors (29); MYF5, is the key transcription factor for myogenic stem cells commitment to myoblastic lineage while MYOD directs progenitor cells to myocyte differentiation (30). In preclinical studies, T (100nM) upregulated Pax7 in satellite cells of 2–3-month-old C57BL/6 male mice (23). Another study also reported an increase in the satellite cells of denervated levator ani muscle of rats given T implants compared to non-treated animals (31). Furthermore, Sihna-Hikim et al. demonstrated that T therapy at doses of 300 and 600mg weekly for 20 weeks caused a significant increase in satellite number of the vastus lateralis muscle compared to baseline resulting in muscle hypertrophy (32). The significant increase in PAX7 in the serum of our patients along with the significant increase in MYOD expression in PBMC and levels of FST in the serum seem to support the effect of T in stimulating the commitment of skeletal MSCs into the myogenic lineage (33). FST has been reported to increase with T therapy and promote myogenesis by inhibiting MYOSTATIN, a negative regulator of myogenic proliferation (23). Although we cannot detect a significant change in MYF5 or MYOSTATIN in our study, the small sample size in our study may have impaired our ability to observe such change.

Although our results showing upregulation of MYOD with increase in PRDM16 may contradict previous concept about the function of PRDM16 on myogenesis, Li et al, found that deletion of PR domain from PRDM16 protein in C2C12 cells resulted in significant downregulation of myofiber markers, MyoD, MyHC (Myosin heavy chain) and MCK (Muscle creatinine kinase) as compared to cells transfected with intact PRDM16 (34). The PR domain gene family (PRDM) encodes 19 different transcription factors which are the zinc finger motifs to mediate protein-RNA, protein-DNA interactions (35). In general, PRDM16 exist in two isoforms, a full length PRDM16 with PR domain (fPRDM16) and short PRDM16 which lacks the N-terminal PR domain (sPRDM16) Each isoform has opposing effects, at least in malignancies (38) For instance, while the fPRDM16 is crucial for hematopoetic stem cell (HSC) maintenance and functions as leukemia suppressor, sPRDM16 has the ability to maintain the elongated mitochondria in HSCs, induce inflammation and promote the development of leukemic cells (36). In humans, 1p36 chromosomal deletion that includes the terminal 14 exons of PRDM16 (including exons 4 and 5 of the PR domain) and inactivating point mutations in the gene resulting in loss of function have been found among individuals with left ventricular noncompaction cardiomyopathy and dilated cardiomyopathy (37) The cardiac abnormalities in these patients were attributed to findings of impairment in cardiomyocyte proliferative capacity and even apoptosis of these cells (38) Furthermore, mice with conditional PRDM16 knockout in vascular smooth muscle cell showed increased apoptosis, while PRDM16 deficiency has been demonstrated in abdominal aortic aneurysm lesions in humans (39). Although the latter are examples of pathology involving smooth muscles, yet in conjunction with the data from Li et. al., perhaps would altogether suggest a positive role of PRDM16 in myogenesis (skeletal and smooth muscles). On the other hand, it is also possible that PRDM16 may upregulate the myogenic pathway via unknown downstream factors. As far as our study is concerned, we measured the full-length PRDM16 transcripts in the SCF and PBMC and the full-length protein in the serum. By showing a correlation between changes in PRDM16 protein levels in the serum and changes in lean and fat-free mass, our data suggest that PRDM16 could have a distinct and separate role in promoting myogenesis apart from its well-recognized function as the adipomyogenic switch.

The strengths of our study include: 1) novelty, our study is the first to explore gene and protein machinery involved in the increase in lean mass and reduction in fat mass in men with hypogonadism given T therapy, and 2), this is the first study to evaluate the molecular mechanism behind the positive effects of T-therapy in-vivo on body composition in hypogonadal men. However, this study presents several limitations. Firstly, it is a secondary analysis of samples from our prior clinical trial; hence, we have limited number of samples available to perform longitudinal analysis of gene and protein expression that occur with T therapy and this may have resulted in lack of significance in certain adipogenic and myogenic markers. Secondly, PBMC was used as a surrogate of skeletal muscle gene expression. However, gene expression studies in PBMCs can be used as a substitute for muscle gene expression has been suggested by Rudkowska et al. (21). These authors investigated the correlation between transcriptome in PBMCs and skeletal muscle tissues before and after 8-week supplementation with n-3 polyunsaturated fatty acid (PUFAs) in 16 obese and insulin resistant human subjects (7). They found that 88% of the transcripts were co-expressed in both tissues. Moreover, there was a strong correlation (r = 0.84, p < 0.0001) between transcript expression levels in PBMCs and skeletal muscle tissues after n−3 PUFA supplementation. These led them to conclude that in the interest of cost and practicality, PBMCs can be used as a surrogate model for skeletal muscle gene expression. Furthermore, very recently Banerji et al. (2023) found that expression of PAX7 target genes in the muscle of fascioscapulo humeral muscular dystrophy patients (the so-called FSHD blood-biomarker) was significantly correlated with the levels in PBMCs (P=0.002) and suggested this could be used as a novel muscle-blood biomarker to measure clinical severity of FSHD (40), again suggesting the potential utility of PBMCs as surrogate for muscles. Lastly, both Prdm16 and Pax7 are traditionally considered as nuclear proteins. However, newer data suggests that nuclear contents can be detected outside of the nucleus and inside extracellular vesicles (EVs) (41). EVs carry proteins and can transfer from one tissue to another or enter the circulation allowing tissue to tissue communication (41, 42). The presence of PRDM16 in EVs has been reported by Sun et.al (43). These investigators showed that uptake of PRDM16-containing EVs from hepatic stellate cells by hepatocellular carcinoma cells results activation of NOTCH signaling leading to tumor progression (43). Thus, presence of PRDM16 in EVs may allow its detection in the serum as our study was able to determine. Similarly, for PAX7, it is possible that EVs carrying PAX7 find their way into the circulation allowing measurement of this factor in the serum. Nevertheless, since we are the first to report measurement of both factors in the serum, our findings need confirmation in future studies.




5 Conclusion

In summary, our results suggest that T therapy promoted a shift from the adipogenic to the myogenic gene/protein machinery which may explain the reduction in body fat and increase in lean mass in our subjects of older hypogonadal men. These desirable effects on body composition may be modulated in part by enhanced PRDM16 driven signal resulting from an increase in estradiol levels leading to subsequent changes in downstream target of genes and proteins involved in adipogenesis and myogenesis. Thus, PRDM16 may represent a target for drug development to improve body composition in patients with age-related loss in muscle mass with concomitant increase in fat mass such as those with sarcopenic obesity.
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Purpose

Adult body shape index (ABSI) is widely recognized as a reliable indicator for evaluating body fat distribution and dysfunction. However, the relationship between ABSI and Klotho protein, known for its anti-aging biological function, has not yet been investigated. Therefore, the aim of this study was to assess the correlation between ABSI and serum Klotho levels in adults residing in the United States.





Methods

A cross-sectional study of participants was conducted based on the 2007–2016 National Health and Nutrition Examination Survey. Visceral adiposity was determined using the ABSI score, and Klotho protein concentration was measured using an enzyme-linked immunosorbent assay kit. Multiple regression models were used to estimate the association between ABSI and Klotho protein after adjusting for several potential confounding variables. Subgroup analysis of ABSI and Klotho was performed using restricted cubic splines.





Result

A total of 11,070 adults were eligible for participation, with a mean ABSI of 8.28 ± 0.45 and a mean Klotho protein concentration of 853.33 ± 309.80 pg/mL. Multivariate regression analysis showed that participants with high ABSI scores had lower serum Klotho protein concentrations. When ABSI was divided into quartiles, after full adjustment, Klotho protein levels were lower in participants in the fourth fully adjusted ABSI quartile (Q4: -0.352 pg/ml) than in those in the lowest quartile (Q1) (P<0.0001).





Conclusion

There was a negative linear correlation between ABSI score and serum Klotho concentration. Higher ABSI was associated with lower serum Klotho concentrations; however, this association did not seem to be significant in subjects with BMI ≥30 kg/m2.Further study is needed to verify the causality of this association and elucidate the underlying mechanisms.





Keywords: adult body shape index, Klotho protein, national health and nutrition examination survey, obesity, cross-sectional study




1 Introduction

In recent years, obesity has emerged as an independent risk factor for various diseases, significantly impacting life expectancy worldwide (1). Body mass index (BMI) and waist circumference (WC) are the commonly used indicators of body size; however, they have certain limitations. Adult body shape index (ABSI) is a novel anthropometric index that considers abdominal circumference, height, and weight to better reflect individual fat distribution and visceral fat proportion, compared with BMI (2). ABSI proves to be a superior predictor of cardiovascular disease risk when compared with WC (3–6), as well as mortality associated with central obesity. Studies on nutrition have demonstrated that ABSI and its changes can independently predict all-cause mortality in the elderly Chinese population (7). Moreover, a strong positive correlation exists between ABSI and directly measured visceral fat content (8, 9), making it a potential surrogate indicator for arterial stiffness in patients with type 2 diabetes mellitus. By replacing WC with ABSI in the diagnostic criteria for metabolic syndrome, one can more effectively identify individuals at risk of renal function decline and arterial stiffness (10). Furthermore, ABSI provides a more accurate description of changes in circulating insulin and lipoproteins than traditional obesity indicators (11). Studies have confirmed consistent exposure-response relationships between ABSI and all-cause/cardiovascular mortality in cohorts of Asian patients with diabetes (12).

In 1997, Kuro-o et al. (13) discovered that mice with deficient Klotho gene expression exhibited premature aging syndromes and a shortened lifespan, confirming the role of Klotho as an aging regulator. The Klotho gene produces α-Klotho, β-Klotho, and γ-Klotho proteins; however, “Klotho” typically refers to α-Klotho (14). Reportedly, α-Klotho binds to the ligand domain of the fibroblast growth factor receptor and then binds to FGF-23 to exert biological effects (15). Both α-Klotho and β-Klotho are crucial components of the endocrine fibroblast growth factor receptor complex. Targeting the FGF-Klotho endocrine axis plays a critical role in the pathophysiology of aging-related diseases, such as diabetes, cancer, arteriosclerosis, and chronic kidney disease (16), some of which are associated with obesity (e.g., arteriosclerosis, diabetes, osteoporosis) (17, 18). Additionally, Klotho protein expression improves vascular calcification by increasing autophagy, which is beneficial for vascular-related diseases (19–21). Furthermore, Klotho appears to be involved in regulating phosphate homeostasis and insulin signaling while also inhibiting oxidative stress, thereby participating in glucose and lipid metabolism (22). Additionally, there is a correlation between serum Klotho concentration and age in humans (23). A study revealed that cerebrospinal fluid levels of Klotho were significantly negatively correlated with body weight/BMI due to the central involvement in obesity’s pathological process (24), while soluble Klotho concentration was inversely correlated with abdominal obesity/high triglycerides (14). Recently, a nonlinear relationship between visceral adiposity index (VAI) score and serum concentration of the anti-aging protein Klotho has been reported. This suggests a potential direct involvement between Klotho expression level and obesity/aging relationships (25).

The ABSI index is a new measure used to assess an individual’s body size and health risk, which combines data from three dimensions: weight, height, and waist circumference. Previous studies (7, 10) have mainly explored the association between ABSI and metabolic and cardiovascular diseases; However, its relationship with Klotho protein has not been thoroughly examined. Considering that obesity may lead to a reduced metabolic rate and is associated with an increased risk of multiple chronic diseases (12), thereby promoting aging and shortened life expectancy, it seems particularly important to investigate the association between ABSI index and Klotho protein. Therefore, in-depth study of the relationship between ABSI index and Klotho protein will not only help us to more fully understand the possible pathogenesis of aging, but also provide new perspectives and strategies for the prevention of aging. Therefore, we used the National Health and Nutrition Examination Survey (NHANES) data to analyze the association between ABSI and Klotho protein levels, aiming to provide new ideas about its mechanism. We hypothesized that higher ABSI would be associated with lower serum Klotho protein concentrations.




2 Materials and methods



2.1 Study design and population

The information in this study was based on the NHANES data collected from 2007 to 2016. NHANES is a research program designed to investigate the health and nutritional status of participants in the United States, comprising interviews, examinations, and laboratory components. The data from 2007 to 2016 included five consecutive cycles, totaling 13,766 cases. There were 96,862 ABSI cases initially. Subsequently, 85,792 participants without information on ABSI or Klotho protein data were excluded from this study. After performing sensitivity analysis, 11,070 eligible participants were included for further analysis. Written informed consent was obtained for all study protocols included in this study, and the research was approved by the research ethics review board of the National Center for Health Statistics.




2.2 Outcome and exposure factors

The main exposure factor was ABSI, calculated using the following formula:

	

Where WC was expressed in cm and BMI in kg/m2.

The primary outcome was serum Klotho concentration. Serum samples were collected from participants, transferred, and stored at –80°C. Klotho concentrations were determined using a commercially available enzyme-linked immunosorbent assay kit produced by IBL International, Japan. The sensitivity level of the assay was 6 pg/mL. All study samples were run in duplicate, bisected, and measured separately. The mean of the two concentration values was calculated as the result.




2.3 Covariates

Data regarding additional covariates were collected from each cycle of the NHANES. Continuous variables included age and poverty-to-income ratio (PIR). Categorical variables included sex, age, race, education level, marital status, smoking, alcohol consumption, hypertension, and diabetes. Based on previous studies, we adjusted for several possible confounding variables. The variables were divided into different categories: age: 40–59 years and ≥60 years; BMI:<25, 25-30, and ≥30 kg/m2; PIR: ≤1.3, >1.3 and ≤3.5, >3.5%, or missing; race: Mexican American, other Hispanic, non-Hispanic White, non-Hispanic Black, and other races; marital status: married and other; education level: below high school, grades 9–12, and above high school; smoking status, alcohol consumption status, and self-reported medical conditions, including diabetes and hypertension: yes or no. When the missing covariate value exceeded 2% of the total population, dummy variables were used instead.




2.4 Statistical analysis

Table 1 clearly describes the baseline characteristics of all participants by proportions or means ± standard errors (SE). Categorical variables were analyzed using weighted chi-square analysis, and continuous variables were evaluated using a weighted linear regression model. ABSI was treated not only as a continuous independent variable but also as a categorical variable, divided into quartiles, with the lowest quartile as the reference. To investigate the independent relationship between ABSI and Klotho protein, we performed a multivariate generalized linear regression analysis. Model 1 was not adjusted. Model 2 was adjusted for age, sex, and race. Model 3 was adjusted for sex, age, race, PIR, BMI, education, marital status, smoking, alcohol consumption, diabetes, and hypertension to allow for further subgroup analysis and explore potential nonlinear associations. All statistical analyses were conducted using R version 3.6.3 and EmpowerStats. A P-value<0.05 was considered statistically significant (two-tailed).


Table 1 | Characteristics of participants by categories of adult body shape index in NHANES 2007–2016ab.







3 Results



3.1 Participant characteristics

The baseline characteristics of the participants according to the ABSI category are shown in Table 1. A total of 11,070 US adults were eligible to participate in the study. Among them, 50.94% were female and 49.06% were male. The mean ± SE of ABSI was 8.28 ± 0.45. The mean ± SE of Klotho protein concentration was 853.33 ± 309.80 pg/ml. Participants in the fourth ABSI quartile had the lowest serum Klotho protein concentration (Q4: 822.153 ± 287.954pg/ml), compared with those in the other three quartiles (Q1: 893.589 ± 331.977, Q2: 852.179 ± 313.726, and Q3: 844.986 ± 299.446 pg/ml, p≤ 0.0001).




3.2 Multivariate regression analysis

Table 2 shows that, in the unadjusted model [b (95% confidence interval [CI]) = -0.163 (-0.191, -0.136)], the minimum adjustment model [-0.109 (-0.138, -0.080)], and the fully adjusted model [-0.119 (-0.149, -0.089)], ABSI was negatively correlated with Klotho protein concentration. Multivariate regression analysis showed that participants with higher ABSI scores had lower serum Klotho protein concentrations. When ABSI was categorized into quartiles, Klotho protein levels were lower among fully adjusted ABSI participants in the fourth quartile (Q4: -0.352 pg/ml), compared with the levels in participants in the lowest quartile (Q1) (P<0.0001). Significant associations were found between ABSI and Klotho protein levels for each quartile array in all three models (P<0.0001). Klotho protein levels were also significantly lower in models 1, 2, and 3 for participants with higher ABSI scores in the second, third, and fourth quartiles than for those with lower ABSI scores in the first quartile (6.10-7.96), with P for trend<0.0001 for all three models.


Table 2 | Association between adult body shape index and serum anti-aging protein Klotho.






3.3 Subgroup analysis

We performed subgroup analyses, presented as restricted cubic splines, to explore potential nonlinear associations between ABSI and serum Klotho protein concentrations (Figure 1, Table 3). The fully adjusted restricted cubic spline plot (Figure 1) showed no nonlinear relationship between ABSI and Klotho protein levels (P for nonlinearity=0.126). Subgroup analysis showed no significant correlation between Klotho protein level and ABSI when BMI was ≥30 kg/m2 (95% CI: 0.85-1.02; P=0.148). Additionally, after adjusting for confounding variables including smoking, gender, age, diabetes, alcohol consumption, and other covariates, a significant inverse association was observed between ABSI and Klotho protein levels.




Figure 1 | Restricted cubic splines for the association of adult body shape index (ABSI) and serum anti-aging protein.




Table 3 | Subgroup analysis.







4 Discussion

To the best of our knowledge, this is the first study to assess the association between ABSI and serum concentrations of the anti-aging protein Klotho by analyzing extensive population data from NHANES. However, there was a significant negative correlation between ABSI and Klotho protein concentration after adjusting for confounding factors, such as smoking, sex, age, diabetes, and alcohol consumption.

In this study, we investigated the correlation between the ABSI index and Klotho protein. In addition, we used subgroup analyses to explore their associations in different populations. We found an inverse correlation between ABSI index and Klotho protein. Under subgroup analysis, we found no significant association between ABSI index and Klotho protein in participants with BMI ≥ 30 kg/m2. Previous studies have also explored the association between Klotho protein and several clinicopathological factors (22, 24).The Klotho gene is predominantly expressed in kidney and brain tissues, giving rise to membrane-bound and secreted proteins that function as membrane-bound receptors and humoral regulators, respectively. The biological functions attributed to Klotho can give rise to various physiological effects, as well as diseases, including obesity (18, 19). Several studies have demonstrated an indisputable relationship between increased all-cause mortality and overweight or obesity, as measured by BMI (6). Moreover, ABSI seems to describe changes in circulating insulin and lipoproteins more accurately, compared with BMI (11), and ABSI can help determine the risk of sarcopenia in overweight/obese individuals (26).Previous studies have shown (6) that BMI, as a single quantitative indicator of obesity, cannot distinguish between fat and muscle content and cannot reflect individual fat distribution, while ABSI was selected as an indicator in our study to make up for this deficiency.

Our study found that after adjusting for confounding factors, higher ABSI population was associated with lower Klotho protein concentration. However, this relationship was not evident in individuals with BMI≥30 kg/m 2. This may be based on the difference between BMI and ABSI. Our results show that in the subgroup analysis, ABSI is significantly correlated with Klotho protein in variables such as age, gender, smoking history, drinking history, and diabetes history. Study (26) found a direct and significant association between age and obesity phenotype, with a higher chance of obesity phenotype in women with a history of diabetes and older age; however, it also pointed out that in different models of obesity, current smokers have a lower chance of obesity phenotype than non-smokers. A cross-sectional study (27) proposed that age and smoking are risk factors for cardiovascular and cerebrovascular diseases, while Klotho is a protective factor. Previous studies have shown that there is no significant correlation between serum soluble Klotho and gender, but serum soluble Klotho levels usually decrease with age. These findings prompt us to further raise questions in multiple covariates such as age, gender, smoking history, and diabetes history.

Existing studies have shown that visceral obesity is a risk factor for various metabolic diseases (27). Recent studies have shown that inflammation, both local and systemic, can reduce Klotho expression in the kidneys (28, 29). Therefore, proinflammatory cytokines from adipose tissue may affect serum Klotho protein concentrations. This can explain the possible correlation between ABSI and Klotho protein concentration from the perspective of inflammation.

Recent studies have confirmed that Klotho knockout mice are resistant to obesity induced by a high-fat diet due to a reduction in white adipose tissue, implying an effect of Klotho on adipocyte differentiation and maturation in vivo (24). Abnormal expansion of white adipose tissue and abnormal recruitment of adipose precursor cells can not only lead to obesity but also affect glucose metabolism (23). Klotho may affect adipocyte maturation, as well as systemic glucose metabolism. ABSI is not associated with BMI, but it is more likely to reflect central obesity when combined with waist circumference. This is different from previous studies (25) that directly reflect the relationship between visceral fat, and ABSI is more convenient than VAI in terms of measurement methods.

Additionally, previous studies have confirmed a negative correlation between CSF a-Klotho and BMI (24). Similarly, our study revealed a comparable association between serum a-Klotho levels and ABSI. It has been shown that soluble Klotho protein concentration is negatively correlated with the occurrence of metabolic syndrome, as well as abdominal obesity and hypertriglyceridemia (14). Obesity is classified into several types (30), and ABSI is used to quantify the severity of visceral obesity. Similarly, a recent study revealed a relationship between VAI and Klotho protein levels in different cases, establishing the optimal VAI cut-off value (25). Likewise, the association between serum Klotho levels and ABSI in our study holds, which enriches the study of visceral obesity and Klotho protein.

Our study has some strengths. First, to the best of our knowledge, this is the first report of an association between visceral fat and serum anti-aging protein levels in humans. This provides new and practical insights into resistance or delay in aging, including appropriate weight control, especially visceral fat. Second, Klotho protein has a wide range of biological effects, indicating its important role not only in the mechanism of anti-aging but also in the occurrence and development of many diseases, which our study complements. Moreover, we used a multiethnic and large multiregional population based on the large population analysis from NHANES, which included a relatively large sample size of 11,070 Americans.

This study has some limitations. Due to the characteristics of the cross-sectional study design, the main limitation is the inability to establish a causal relationship between ABSI and Klotho concentration. Within a certain range, lower protein levels were associated with higher ABSI. Additionally, information on ABSI was obtained from the questionnaire. Some participants may have been reluctant to answer relevant questions for various reasons, resulting in missing data, while others may have omitted some information when answering the questionnaire, both of which inevitably lead to bias. Finally, although we attempted to account for confounding factors as much as possible in the adjusted models, there may still be potential confounding factors that have not been adjusted. Whether these factors affect the association between the two variables requires further research for confirmation.



4.1 Conclusion

Based on a nationally representative population, this study shows a negative correlation between ABSI and serum levels of the anti-aging protein Klotho in adults in the United States, with no nonlinear relationship.
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Participants aged 65 years and older were selected from the 2015 data of the

CHARLS database
(n=5,511)

Exclusion criteria:

1) missing data on TG and FBG 1n 2015 (n=1,844)

2) missing data on cognitive function in 2015 and 2020 (n=99)
3) cognitive impairment 1n 2015 (n=400)

4) ever having memory disorders or mental health conditions
(n=209)

We included 2,959 patients finally






OPS/images/fendo.2024.1398235/table1.jpg
TyG index level

Q@2 a3 Q4

Characteristic Overall Q1(<8.21) (5821, <8.55) (>8.55, <8.97) (>897) P-value
2959 N =739 N =740 N =740
Fomlon ) w7 ) ) s sy 660 EER
e ) naen naes 5 3 o
e 28509 nsam na0s uoesy | umem | com
Residence, n (4 0344
o i e0) s ) 0 5520
- o1 ) 2589 B a0 w0
Educational, n (%) 0.632
e s 0s1) 31010 200591 0057 w007
[———— s 2 ) s ns s s
it i - e W usaen
Healt,n (4 0069
e @ »an nun »as ©
- 3009 89 o) wasy i@
Gond 260 e B 561 B
Veygodmados | er@in e @ e e
Marial status, n 04 0223
s 0000 waso masw e 1 269)
e w20 oo 012 P suean
Historyof smoke,n 04) <0001
Gt o ) 2600 [ sy
Gesion st0sn s i wa may
Newr non w0 nan 200 a0n
History of drink, n (%) <0.001
s sy e nss) o 16070
) 5000 5600 560 07
Nowr o) e s s s570s9
[— 505 50 790630 650 51560 w0
Chronic diseases, n (%) 0.040
o o @72) 0 0680 ) s
. mwm sy 125 6) s o)
2 wsasn ) wr e asy w060
Diie ) s0n won 760109 o om0 om
[ —— i 2100 0 07 o) 2w o
Cognve ncion i 2015 | 36 (061) w0060 s s s0u seas | om
Copnite ncienin 20| 036549 ) a9 e e | ow

Gontinsousvrsbies wee shown i e (D) and ctgoricl varisis e shown i pecetsge.
g A T SR R Y





OPS/images/fendo.2024.1308841/fendo-15-1308841-g006.jpg
-log10  (P-value)

PathwayTerm

putine metabolim| @

Parathyroid hormone synthesis, secretion and action | . Number
-1
Choline metabolism i cancer | .
Tuberculosis | .

Pytimidine metabolism 1@
AMPK signaling pathvay | @

Sphingolipid metabolism{ @

Linoleic acid metabolism{ @ P-value
Antifolate resistance{ @
003
Taste transduction{ @
002
mTOR signaling pathway { +f
001
PI3K-Akt signaling pathway | o
Fox0 signaling pathuiay 1 .
ods ol ois o0x o0z

RichFartor





OPS/images/fendo.2024.1308841/table1.jpg
New-onset

Characteristic (n=30) (n=30)
Age (years) 732+ 5.6 742 £ 46 0.483
Sex ‘ 1.000
Male (%) 400 40.0
Female (%) 60.0 60.0
BMI (kg/m2) 227 £ 2.7 22.9:42:6 0.778
MNA (score) 124 £ 1.6 129+ 1.1 0.122
IPAQ 6294
(Met-min/wk) 5313(643-9571) (1195-13440) 0.438
GDS (score) 56 +3.7 54 +37 0.848
Sleep quality (score) 0.37 £ 0.68 0.42 +0.74 0.764
Tlliteracy (%) | 0.299
No 76.7 90.0
Yes 233 10.0
Widowed (%) 0.209
No 70.0 86.7
Yes 30.0 13.3
Farming (%) 0.781
No 30.0 333
Yes 70.0 66.7
Smoking (%) 0.688
No 90.0 86.7
Yes 10.0 133
Drinking (%) 0.417
No 70.0 60.0
Yes 30.0 40.0
Diabetes (%) 0.145
No 79.3 933
Yes 20.7 6.7
Hypertension (%) 1.000
No 233 233
Yes 76.7 76.7
Hyperlipidemia (%) 0.422
No 56.7 70.0
Yes 433 30.0
Heart disease (%) 0.795
No 58.6 533
Yes 41.4 46.7

BMI, Body mass index; MNA, Mini nutritional assessment; IPAQ, International physical
activity questionnaires; GDS, Geriatric depression scale.
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lon mode Metabolite

758.569 pos PC(14:0/20:2(11Z,14Z))

784.583 pos PC(16:0/20:3(8Z,11Z,14Z))

802.560 neg PC(18:1(112)/16:1(9Z))

137.046 pos Hypoxanthine

235.092 pos L-2-Amino-3-oxobutanoic acid
273.072 neg Deoxyuridine

742.540 neg PC(15:0/18:2(9Z,12Z))

850.560 neg PC(22:5(42,72,10Z,13Z,16Z)/16:1(9Z))
792.586 pos PC(18:1(9Z)/P-18:1(9Z))

160.060 pos Sumiki’s acid

885.551 neg PI(20:4(8Z,11Z,14Z,17Z)/18:0)
348.070 pos 2-Deoxyguanosine 5'-monophosphate
538.315 neg LysoPC(16:1(92)/0:0)

247.093 neg Serylproline

766.541 neg PC(20:4(5Z,87Z,11Z,14Z)/15:0)

194.082 neg 2-Phenyl-1,3-propanediol monocarbamate
478.294 neg PC(15:1(92)/0:0)

128.035 neg (3R,58)-1-pyrroline-3-hydroxy-5-

carboxylic Acid

346.056 neg 3-AMP

159.114 neg N(6)-Methyllysine

378.242 neg Sphingosine 1-phosphate
348.070 pos Adenosine monophosphate
542,324 pos LysoPC(20:5(5Z,8Z,11Z,14Z,17Z))
217.082 pos Clavulanate

885.550 neg PI(18:1(92)/20:3(8Z,11Z,14Z))
318.300 pos Phytosphingosine

812.581 neg PC(P-16:0/20:3(8Z,11Z,14Z))
347.042 neg Quercetin

249.054 pos Paracetamol sulfate

204.123 pos L-Acetylcarnitine

288.203 Ppos Arginyl-Leucine

130.050 pos Pyroglutamic acid

175.025 neg Malonic semialdehyde

124.007 neg Taurine

347.040 neg Inosinic acid

203.052 pos D-Glucose

162.112 pos. L-Carnitine

132.077 pos L-3-Cyanoalanine

184.073 pos Tryptophanol

249.054 pos Benzeneacetamide-4-O-sulphate
567.318 neg Deoxycholic acid 3-glucuronide
189.087 pos Tetrahydrodipicolinate

247.092 Ppos 5,6-Dihydrouridine

425.215 pos 5S-HETE di-endoperoxide
130.050 pos. 1-Pyrroline-4-hydroxy-2-carboxylate
295.228 neg 12,13-EpOME

145.062 neg L-Glutamine

489.359 neg Conicasterol D

104.107 pos Pentanal

910.722 pos PC(25:0/18:0)

528.310 neg PE(22:4(72,10Z,13Z,162)/0:0)
362.326 pos Phytophthora mating hormone alphal
923.803 pos TG(17:0/18:2(92,122)/20:0) is06]
453.334 pos. 24-methylene-cholest-5-en-3beta,7beta, 19-triol
445.332 neg 25(0OH)D3

282.279 pos Oleamide

264.269 pos 5-propylideneisolongifolane
466.330 pos PE(P-18:0/0:0)

187.072 neg N-Acetylglutamine

123.055 pos Niacinamide

517.390 neg Theonellasterol D

146.046 neg L-Glutamic acid

Relative concentrations compared to control group: 1, upregulated; |, downregulated.

kegg

C00157
C00157
C00157
C00262
C03508
C00526
C00157
C00157
C00157
C20448
C00626
C00362

C04230

C00157

C16586

C04281

C01367
C02728
C06124
C00020
C04230
C06662
C00626

Cl2144

C00389

C02571

C01879
C00222
C00245
C00130
€00221
C00318
C02512

C00955

C03033

C03972

C04282
C14826

C00064

C01561

C19670

C00153

C00302

VIP
44.90
2112
18.26
9.00
645
601
512
481
431
398
394
354
326
325
311
241
237

235

234
233
229
224
223
2.19
2.10
2.09
205
2.04
1.92
1.92
1.89
1.89
1.86
1.81
1.81
179
1.76
1.62
1.50
148
145
1.42
141
1.37
1.34
1.34
1.30
129
1.26
1.25
1.23
118
117
115
1.14
113
110
1.09
1.08
1.06
1.03

1.01

p value
0.002
0011
0.001
<0.001
0.004
0.003
0.001
0048
0036
0.042
0.018
<0.001
0.004
0.005
0030
<0.001
0.005

<0.001

<0.001
0.005
0.001
<0.001
0.014
0.004
0.019
<0.001
0.012
<0.001
0.015
0.006
<0.001
<0.001
0.003
<0.001
<0.001
<0.001
0.036
0.010
0.025
0.023
0.012
0.002
0.043
0.001
<0.001
0.017
<0.001
0.002
<0.001
<0.001
0.005
<0.001
0.002
<0.001
0.048
0.008
0.001
0.023
0.008
<0.001
0.006

<0.001

log2(FC)
035
023
028
195
-0.27
-0.13
-0.32
-0.14
022
-0.12
-0.29
1.51
050
-0.12
-0.16
-0.09
-0.45

1.14

1.48
-0.13
-043
1.56
-0.77
-0.27
-0.24
-0.74
-0.28
1.99
121
0.41
272
1.23
0.94
0.78
2.37
-0.99
-0.22
0.44
-0.33
112
0.83
-0.20
-0.11
0.48
1.09
0.24
-0.35
0.45
0.37
113
-0.25
-0.98
-0.53
-0.48
0.30
0.88
-047
0.41
-0.11
1.64
0.47

0.77
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Metabolite AUC 95%Cl P
Hypoxanthine 0.819 0.711-0.927 <0.001
L-2-Amino-3-

oxobutanoic acid 0.733 0.598-0.868 0.002
PC(14:0/20:2(11Z,147Z)) 0.717 0.587-0.846 0.004
Deoxyuridine 0.713 0.581-0.846 0.005
PC(15:0/18:2(9Z,127)) 0.710 V 0.578-0.842 0.005
PC(18:1(112)/16:1(9Z)) 0.693 0.559-0.828 0.010
PC(16:0/20:3(8Z,11Z,14Z))  0.687 0.550-0.823 | 0.013
PC(22:5

(42,7Z,10Z,13Z,16Z)/

16:1(92)) 0.667 0.526-0.807  0.071
Sumiki’s acid 0.666 0.527-0.804 0.070
PC(18:1(9Z2)/P-18:1(9Z)) 0.643 0.502-0.784 0.071
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Phytophthora mating hormone alphai
Tryptophanol
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L-Glutamine
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Pyroglutamic acid
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References

Erythromycin

(DPG3:10ug/ TLR2, -3,
ml) -4, -6,

Tetracycline and -9

(MF1:1 pg/ml)

P. gingivalis
LPS

(HPLCs:10
mg/ml)

TLR2
and -4

1.Sensitization of Human
Aortic Endothelial Cells to
Lipopolysaccharide
via Regulation of Toll-Like
Receptor 4 by Bacterial
Fimbria-Dependent
Invasion
2.invasive P. gingivalis
infection of primary aortic
endothelial cells results in
increased TLR expression
on the cell surface.
3.priming of endothelial
cells by invasive P.
gingivalis infection leads to
increased binding of
PAMPs and the induction
of TLR-dependent
inflammatory responses

Gram-negative periodontal
bacteria or their LPS might
play a role in triggering
TLR2 and/or TLR4, and be
of importance for the
immune responses
in periodontitis

Yumto H, et al,
2005 (69)

Sun Y, et al,
2010 (70)

TLR2,-4
and -9

Gingivalis
(HGFs)

P. gingivalis
LPS
(HPDLFs:10mg/
L)

TLR2,-4
and
MAPK

TLR2,-
4,-5,-7,-9
and
IFN-01

live P. gingivalis

(2x109 CEU) L

TLR9

P. gingivalis infection
induces TLR2 and TLR9
upregulation in
patients with CP. P.
gingivalis-induced TLR2
expression in HGFs is
partially dependent on
TNF-a and
may lead to sensitization of
HGFs to bacterial
components encountered
in the
periodontal
microenvironment

In hPDLFs, P. gingivalis
LPS suppresses
bone sialoprotein and
enhances IL-8 gene and
protein expression via
TLR2 and
ERK1/2 or the p38 MAPK
signaling
pathway, respectively.

The expression levels of
TLR2, -4, -7, and -9 were
significantly higher in
periodontitis lesions than
gingivitis lesions. The
expression level of TLR5
was comparable to levels of
TLR2 and -4; however, no
significant difference was
found between gingivitis
and periodontitis. Although
the expression of IFN-al
mRNA was higher in
periodontitis lesions
compared with gingivitis
lesions, the level was quite
low. Only a few pDCs were
found in some
periodontitis specimens.
No difference was found
for antibody-positivity
between gingivitis
and periodontitis.

1.TLR9-mediated
inflammation promotes P.
gingivalis-induced
periodontal bone loss.
2.Lack of TLR9 signaling
suppresses inflammation in
gingival tissues of P.
gingivalis-infected mice.
3.Lack of TLR9 signaling
leads to decreased cytokine
production in splenocytes

and macrophages
challenged with P.
gingivalis.
4.Lack of TLRY signaling
affects cytokine production
in splenocytes and

macrophages challenged
with TLR2 and

TLR4 agonists.

The TLRY haplotype has a
protective effect against the
development of CP and, in
contrast, haplotype can
increase the susceptibility
of this disease in the
Czech population.

‘Wara-aswapati
N, et al,
2013 (71)

Zhang Y, et al,
2015 (72)

Kajita K, et al,
2007 (73)

Kim PD, et al,
2015 (74)

Holla LI, et al,
2010 (75)

TLR-9,
AIM2
and DAI

This study is the first
report of
AIM2 and DAI receptor
expression in periodontal
tissues and further
confirms increased TLR-9
expression, as well as
reporting enhanced TLR-8
expression at CP sites.

Sahingur SE, et
al. 2013 (76)

TLR9

TLR4,
NOD1
and
NOD2

TLR2,-
4,-7,-8,-
9,NOD1

and

NOD2

OMVs
(HEK-
Blue cells)

TLR1,-2
and -4

Expression of cytokeratin
19 (CK19) was markedly
increased in the basement
membranes of the oral
epithelium and in all layers
of the pocket epithelium
where it caused evident cell
proliferation and migration
of sulcular epithelial cells
into the lamina propria of
periodontitis tissue. TLR4
and the cytoplasmic
NLRP3 were expressed in
all sections examined
regardless of disease state.
However, expression of
TLR9-,CK19-and
collagenolytic matrix
metalloproteinase-13 and
activated NF-kB subunit
P65 was more commonly
found in periodontitis
tissues than in
gingivitis tissues.

Using human peripheral
blood monocytes (HPBM)
And murine bone-marrow-

derived macrophages

(BMDM) from wild-type

(WT) and Toll-like
receptor
(TLR)-specific and MyD88
knockouts (KOs), we
demonstrated that heat-
killed Campylobacter
concisus, Campylobacter
rectus, Selenomonas infelix,
Porphyromonas
endodontalis,

Porphyromonas

gingivalis, and Tannerella
forsythia mediate high
immunostimulatory
activity. Campylobacter
concisus, C. rectus, and S.
infelix exhibited robust
TLR4 stimulatory activity.
Studies using mesothelial
cells from WT and NOD1-
specific KOs
and NOD2-expressing
human embryonic kidney
cells demonstrated that
Eubacterium saphenum,
Eubacterium nodatum and
Filifactor alocis exhibit
robust NOD1 stimulatory
activity, and that
Porphyromonas
endodontalis and
Parvimonas micra
have the highest NOD2
stimulatory activity. T

P. gingivalis OMVs
induced strong TLR2 and
TLR4-specific responses
and moderate responses in
TLR7, TLRS, TLR9, NOD1
and NOD?2 expressing-
HEK-Blue cells.
Responses to T. forsythia
OMVs were less than those
of P. gingivalis and T.
denticola
OMVs induced only
weak responses.

Semiquantitative
polymerase chain reaction
and immunohistochemical
analysis demonstrated that
of 9 TLRs, the expression
of TLR1, TLR2, and TLR4
was markedly enhanced in

human atherosclerotic
plaques. A
considerable proportion of
TLR-expressing cells were
also activated, as shown by
the nuclear translocation of

nuclear
factor-kB

Chen YC, et
al,2012 (77)

Marchesan J, et
al, 2016 (78)

Cecil JD, et al,
2016 (79)

Edfeldt K, et al,
2002 (80)

TLRY

TLR2,-4
and-9

CpG DNA binds directly to
TLRY in ligand-binding
studies. CpG DNA moves
into early endosomes and
is subsequently transported
to a tubular lysosomal
compartment. Concurrent
with the movement of CpG
DNA in cells, TLR9
redistributes from the ER
to CpG DNA-containing
structures, which also
accumulate MyD88. Our
data indicate a previously
unknown mechanism of
cellular activation involving
the recruitment of TLR9
from the ER to sites of
CpG DNA uptake, where
signal transduction
is initiated.

TLRY activation by F.
nucleatum and TLR2
activation by both bacteria
appear to be involved in
HIV-1 reactivation;
however, TLR4 activation
had no effect.

Latz E, et al,
2004 (81)

Gonzélez OA,
et al, 2010 (82)
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Dimethyloxalylglycine
(C57BL/6 male
mice:1.25 mg/kg)

Leptin
(C57BL/6 male
mice:40 ug/mouse,

Qd, ip)

P53

HIF-1o

NLRP3

Conclusion

The activation of p53
gene could alleviate
periodontitis by
reducing M1-type
macrophage
polarization

Dimethyloxalylglycine
Inhibits M1-like
Polarization of
RAW264.7
Macrophages and
Mouse Bone Marrow
Macrophages (BMM)
for the Treatment
of Periodontitis

Leptin aggravates the
periodontal response to
the ligature by
promoting M1
macrophage
polarization via the
NLRP3 inflammasome

Referen-
ces

Liu, T
et al.2024
(27)

Chen, Mei-
Hua
et al.2021
(28)

Han, Y
et al.2022
(29)

UCP2

A20

miR-
143-3p

UCP2 controls M1
macrophage activation
by modulating reactive

oxygen species

(ROS) production

A20 inhibits
periodontal bone
resorption and NLRP3-
mediated M1
macrophage
polarization

Inflammatory PDLSCs
facilitate M1
macrophage

polarization through
the exosomal miR-143-
3p-mediated regulation

of PI3K/AKT/NF-kB

signaling, providing a

potential new target for

periodontitis treatment.

Yan, X
et al.2020
(30)

Hou, Liguang
et al.2020

(31

Wang,
Yazheng
et al.2023

(32)

M2-exos
male SD rats

M2-exos drive an
appropriate and timely
macrophage
reprogramming from
M1 to M2 type, which
resolves chronic
inflammation and
accelerated
periodontal healing.

Cui, Y
et al.2023
(33)

Exo-TNF-o.
(C57BL/6NCrSlc
female:20 u g/
mouse,Qd)

TNEF-o. stimulation not
only increased the
amount of exosome
secreted from GMSCs,
but also enhanced the
exosomal expression of
CD?73, thereby inducing
anti-inflammatory M2

macrophage
polarization

Nakao, Y
et al.2020
(39

Mo-BGC
(C57BL/6
mice:0.1pumol/mL)

Induced M2
polarization by
enhancing the
mitochondrial function
of macrophages and
promoted a cell
metabolic shift from
glycolysis toward
mitochondrial
oxidative
phosphorylation.

He, X.T
et al.2022

(35)

PDLSCs

PDLSCs were able to
induce M2 macrophage
polarization instead of

M1 polarization, and

capable of enhancing

M2 macrophage
polarization induced by
IL-4 and IL-13.

Liu, J
et al.2022
(36)

M2-Exo
(C57BL/
6mice:30ul,100

jg/ml)

IL-10/
IL-10R

The reparative M2-like
macrophages could
promote osteogenesis
while inhibiting
osteoclastogenesis in
vitro as well as protect
alveolar bone against
resorption in

vivo significantly.

Chen, Xutao
et al.2022

(37)

Sulforaphene (SFE)
(male C57BL/6
mice:20mg/kg,

Qd, ip)

DCIR

SFE effectively inhibits
M1 polarization while
promoting M2
polarization, ultimately
suppressing
periodontitis.

Liao, Y
et al.2023
(38)

G3@SeHANs
(C57BL/6 male
mice:30ul, 1 mg/mL)

G3@SeHANS regulates
the mononuclear
phagocyte system in the
periodontitis
environment and
promotes M2
macrophage phenotype
over M1
macrophage phenotype

Huang, H
et al.2024
(39

Interleukin-37
(RAW264.7
cells:50uL,20p1g/mL)

Glipizide
(C57BL/6 male
mice:10 mg/kg,

Qd, ig)

NLRP3

IL-37 prevents the
progression of
periodontitis by
suppressing NLRP3
inflammasome
activation and
mediating M1/M2
macrophage
polarization.

Glipizide inhibited the
LPS-induced migration
of BMMs but promoted
M2/M1 macrophage
ratio in LPS-induced

Yang, L
et al.2024
(40)

Guo, Xet
al2023 (41)






OPS/images/fendo.2024.1374027/table5.jpg
conclusion

References

Silibinin
(Rat:150 mg/kg)

Curcumin
(hPDLSCs:0.1

uMm)

Resveratrol
(Rat:5mg/kg
Hgfs:50uM)

Metformin
(hPDLSCs:1001M)

NrF2

NrF2

NrF2

NrF2

Silibinin exhibits anti-
inflammatory and
antioxidant properties
against periodontitis by
upregulating
Nrf2 expression

Curcumin could
promote the osteogenesis
of hPDLSCs, and the

effect is related to the
PI3K/AKT/Nrf2
signaling pathway.

Resveratrol alone

augmented HO-1
induction via Nrf2-

mediated signaling.

Metformin activates the
Nrf2 signaling pathway
in PDLSCs, which not
only promotes
osteogenic differentiation
of PDLSCs, but also
protects PDLSCs from
oxidative stress-

induced injury

Li, X et al,
2023 (46)

Xiong, Y.et
al.2020 (47)

Bhattarai, G.et

al.2016 (48)

Jia, L.et
al.2020 (49)

Quercetin
(hPDLSCs:5 uM)

Four-Octyl
itaconate
(C57BL/6 male
mice:50 mg/kg)

NrF2

NrF2

quercetin activated
NREF2 signaling in the
periodontal ligaments,
reduced the OS level of
mice with periodontitis,
and slowed the
absorption of alveolar
bone in vivo.

Four-Octyl itaconate
attenuates inflammation
and oxidative stress via

disassociation of
KEAP1-Nrf2 and
activation of Nrf2
signaling cascade.

Wei, Y.
et al.2021 (50)

Xin, L
et al.2022 (51)

N-Acetyl-1-
cysteine-Derived
Carbonized
Polymer Dots
(C57BL/6 male
mice:100mg/kg)

NrF2

N-Acetyl-l-cysteine-
Derived Carbonized
Polymer Dots may
regulate redox
homeostasis and
promote bone formation
in the periodontitis
microenvironment by
modulating the kelch-
like ECH-associated
protein 1 (Keap1)/
nuclear factor erythroid
2-related factor 2
(Nrf2) pathway.

Liu, X
et al2023 (52)

Paeonol
(Rat:80 mg/kg)

NrF2

paeonol protected
against periodontitis-
aggravated
osteoclastogenesis and
alveolar bone lesion via
regulating Nrf2/NF-kB/
NFATcl
signaling pathway.

Li, Y
et al.2019 (53)

Baicalein
(Rat:200mg/kg)

Chlorogenic acid
(Hgfs:40uM)

NrF2

NrF2

Baicalein attenuates
alveolar bone loss by
upregulating NRF2

Chlorogenic acid
attenuates inflammation
in human gingival
fibroblasts, possibly
through CysLT1R/Nrf2/
NLRP3 signaling.

Zhu, C
et al.2020 (54)

Huang, X
et al.2022 (55)

Notopterol
(C57BL/6 male
mice:20 mg/kg)

Epigallocatechin-
3-gallate
(Rat:200mg/kg)

NrF2

NrF2

Notopterol alleviates
periodontal
inflammation by
activating the NRF2
signaling pathway

Epigallocatechin-3-
gallate inhibits oxidative
stress and inflammatory

responses in the
periodontitis model by
modulating the Nrf2/
HO-1/NLRP3/NF-kB
P65 signaling pathway

Zhou, ]
et al 2023 (56)

Fan, Q
et al.2023 (57)
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MARK4 MARK4 Inhibition of MARK4 Wang, L
inhibitors decreased LDH release, et al. (58)
(OTSSP167 and IL-1B and IL-18
Compound 50) production, ASC speck
and small formation, and the
interference pyroptosis-related
RNA) genes transcription.
Azgpl NLRP3/ AZGP1 participates in Yang, S
knockout mice caspase-1 the pathogenesis of et al. (59)
periodontitis by
aggravating macrophage
M1 polarization and
pyroptosis through the
NLRP3/caspase-1
pathway.signaling
pathway.
Eldecalcitol NLRP3 ED-71 inhibits cellular Huang, C
(Rat:5mg/kg pyroptosis by decreasing et al. (60)
Hgfs:5nM) the activation of NLRP3
inflammatory vesicles.
z2-YVAD-FMK caspase-1 The NLRP1 Zhao, D
(hPDLSCs:2 mM) inflammasome led to the et al. (61)
activation of caspase-1
and the subsequent
activation and releasing
of IL-1f, and
initiated pyroptosis.
Construction of caspase- Dec2 overexpression He, D et al. (62)
DEC2 11 reduces levels of IL-1B
overexpression and sequentially
vector regulates caspase-11,
(RAW 264.7) thereby
inhibiting pyroptosis.
Kynurenic Caspasel/ Kynurenic signiﬁcanﬂy Gao, Y
(RAW NLRP3 suppressed macrophage et al. (63)
264.7:100uM) pyroptosis induced
by LPS.
Construction of caspase-1 TET1 prevents the onset Peng, Y
TET1 of cellular pyroptosis by et al. (64)
overexpression inhibiting caspase-
vector 1 activation.
(OCCM-30)
Isoliquiritigenin NLRP3 Isoliquiritigenin Lv, X et al. (65)
(Hgfs:51LM) attenuates
Porphyromonas
gingivalis-induced
pyroptosis by inhibiting
NLRP3 activation.
N- NE-xB/ N-acetylcysteine reduces Chu, Y
acetylcysteine Caspase- cellular pyroptosis by et al. (66)
(hPDLSCs:10mM) i inhibiting the NF-kB/
Caspase-1
signaling pathway.
Metformin NEK7/ Metformin reduces Zhou, X
(mice:200mg/kg) NLRP3 cellular pyroptosis by et al. (67)
inhibiting theNEK7/
NLRP3
signaling pathway.
Synoviolin GSDMD Synoviolin protected Pang, Y
knockout mice against periodontitis by et al. (68)

regulating GSDMD
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1 prevalence 747 11 therapy 269
2 risk 640 12 porphyromonas-gingivalis 266
3 inflammation 600 13 chronic periodontitis 265
4 health 489 14 risk-factors 265
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‘ 10 adults 294 20 obesity 220






OPS/images/fendo.2024.1374027/table2.jpg
10

Staging and grading of periodontitis: Framework and proposal of a new classification and
case definition

Periodontitis: Consensus report of workgroup 2 of the 2017 World Workshop on the
Classification of Periodontal and Peri-Implant Diseases and Conditions

A new classification scheme for periodontal and peri-implant diseases and conditions -
Introduction and key changes from the 1999 classification

Update on Prevalence of Periodontitis in Adults in the United States: NHANES 2009
to 2012

Global Burden of Severe Periodontitis in 1990-2010: A Systematic Review
and Metaregression

Prevalence of Periodontitis in Adults in the United States: 2009 and 2010

Periodontitis: Consensus report of workgroup 2 of the 2017 World Workshop on the
Classification of Periodontal and Peri-Implant Diseases and Conditions

Periodontitis and cardiovascular diseases: Consensus report

Update of the Case Definitions for Population-Based Surveillance of Periodontitis

Periodontal Disease and Atherosclerotic Vascular Disease: Does the Evidence Support an
Independent Association? A Scientific Statement From the American Heart Association
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TABLE 3A Plasma Measurements Following SC Administration of GEP44 or Exendin-4 in Male DIO Mice.

GLP-1R** GLP-1R™
SC Treatment GEP44 Exendin-4 GEP44 Exendin-4
Leptin (ng/mL) 383137 298+ 6.9 29.8 £6.0 36.1 £5.8 334+48 345+56
Insulin (ng/mL) L5205 44 +1.3* 15+04 L7205 1.5£ 0.3 1605
Glucagon (pmol/L) 20.5+59 6.1+ 14"
Total Cholesterol (mg/dL) 1894 + 232 159.1 + 10.9 1666 + 11.4 186.0 +21.1 1746 6.7 184.7 +8.7

Blood was collected by tail vein nick (glucose) or cardiac stick (leptin, insulin, total cholesterol) at 2-h post-injection of VEH, exendin-4 (50 nmol/kg) or GEP44 (50 nmol/kg).
Data are expressed as mean + SEM. *P <0.05 GEP44 or exendin-4 vs. vehicle.
N=6-10/group.

TABLE 3B Plasma Measurements Following SC Administration of GEP44 or Exendin-4 in Female DIO Mice.

SC Treatment Vehicle GEP44 Exendin-4 Vehicle GEP44 Exendin-4
Leptin (ng/mL) 341443 ‘ 185 +5.1* » 177 + 4.7* 19.8 +2.7 » 152 %32 14.0 + 4.1
Insulin (ng/mL) 14+04 1.1+03 1.0 +£03 [ 0.5+0.1 0.5+ 0.1 05+ 0.1
Glucagon (pmol/L) 14.7 + 3.0 5.5+ 1.8%

Total Cholesterol (mg/dL) 1709 + 18.0 1165 £ 6.5* 1229 +7.0* 1327 £11.3 105.0 + 6.4* 1027 £7.7*

Blood was collected by tail vein nick (glucose) or cardiac stick (leptin, insulin, total cholesterol) at 2-h post-injection of VEH, exendin-4 (50 nmol/kg) or GEP44 (50 nmol/kg).
Data are expressed as mean + SEM. *P <0.05 GEP44 or exendin-4 vs. vehicle.
N=7-10/group.
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TABLE 2A Changes in IBAT gene expression following GEP44 and
Exendin-4 in male DIO GLP-1R*"* mice.

DIO GLP-1R*"* Mice

Treatment VEH VEH Exendin-4
IBAT

UCPI 1.0+ 0.2° 1.9 +0.5° 1.0 + 0.1° 1.6 + 0.4°
Gpri20 1.0+ 0.2° 1.8 + 0.4 1.0+ 0.2° 1.2 0.3
Ppargcla 1.0 + 0.1° 1.7 +0.2° 1.0 + 0.1° 1.3 0.2
Cidea 1.0 + 0.2° 12 0.2 1.0+ 0.2° 1.6 + 0.6
Dio2 1.0 + 0.3° 0.8 + 0.3 1.0 + 0.3 0.7 +0.2°

Different letters denote significant differences between treatments (VEH vs GEP44/VEH vs
Exendin-4; P<0.05).

Shared letters are not significantly different from one another (VEH vs GEP44/VEH vs
Exendin-4).

IBAT was collected at 2-h post-injection of VEH, exendin-4 (50 nmol/kg) or GEP44 (50 nmol/kg).
Data are expressed as mean + SEM.

N=5-12/group.

TABLE 2B Changes in IBAT gene expression following GEP44 and
Exendin-4 in male DIO GLP-1R”" mice.

DIO GLP-1R”" Mice

Treatment VEH GEP44 VEH Exendin-4
IBAT

UCPI 1.0 + 0.2° 1.7+ 0.4° 1.0 +0.2° 1.7+ 0.5
Gpri20 1.0 + 0.3 1.0 +0.2° 1.0 + 0.3° 1.2 +0.3°
Ppargcla 1.0 £ 0.2* 1.2 £0.1° 1.0 £ 0.2* 1.6 £ 04"
Cidea 1.0 + 0.3 1.4 +0.3° 1.0 + 0.3 1.8 + 0.4°
Dio2 1.0 + 0.4° 0.9 +0.2° 1.0 + 0.4° 1.2 +04°

Different letters denote significant differences between treatments (VEH vs GEP44/VEH vs
Exendin-4; P<0.05).

Shared letters are not significantly different from one another (VEH vs GEP44/VEH vs
Exendin-4).

IBAT was collected at 2-h post-injection of VEH, exendin-4 (50 nmol/kg) or GEP44 (50 nmol/kg).
Data are expressed as mean + SEM.

N=4-11/group.

TABLE 2C Changes in IBAT gene expression following GEP44 and
Exendin-4 in female DIO GLP-1R*/* mice.

DIO GLP-1R*"* Mice

Treatment VEH VEH Exendin-4
IBAT

UCPI1 1.0 +0.1° 1.4+ 0.2° 1.0 £ 0.1° 1.9 + 0.4°
Gpri20 1.0 £ 0.2° 1.7 £ 04° 1.0 £ 0.2° 27405
Ppargcla 1.0 +0.1° 21+02° 1.0 +0.1° 2.7 +04°
Cidea 1.0 +0.2° 0.8+ 02° 1.0 +0.2° 1.6 + 0.6"
Dio2 1.0 + 0.2 1.4+ 04° 1.0 + 0.3° 0.7 +0.2°

Different letters denote significant differences between treatments (VEH vs GEP44 or
Exendin-4; P<0.05).

Shared letters are not significantly different from one another (VEH vs GEP44 or Exendin-4).
IBAT was collected at 2-h post-injection of VEH, exendin-4 (50 nmol/kg) or GEP44 (50 nmol/kg).
Data are expressed as mean + SEM. *P<0.05 GEP44 or exendin-4 vs. vehicle.

N=3-10/group.

TABLE 2D Changes in IBAT gene expression following GEP44 and
Exendin-4 in female DIO GLP-1R™" mice.

DIO GLP-1R™/" Mice

Treatment VEH GEP44 VEH Exendin-4
IBAT

UCPI1 1.0 + 0.1 1.9 + 0.5° 1.0 0.1 1.7 + 0.3
Gpri20 1.0 + 0.2 20 +04° 1.0 +0.2° 1.5 + 0.3
Ppargcla 1.0 £0.1° 1.1+01° 1.0 +0.1° 14 +0.1°
Cidea 1.0 £0.2° 1.3+ 02° 1.0 +0.2° 2.0 +0.6°
Dio2 1.0 £0.2° 1.6 + 0.7° 1.0 +0.2° 1.5 + 0.3

Different letters denote significant differences between treatments (VEH vs GEP44/VEH vs
Exendin-4; P<0.05).

Shared letters are not significantly different from one another (VEH vs GEP44/VEH vs
Exendin-4).

IBAT was collected at 2-h post-injection of VEH, exendin-4 (50 nmol/kg) or GEP44 (50 nmol/kg).
Data are expressed as mean + SEM.

N=3-9/group.
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GEP44 Exendin-4 GEP44

Male WT 44.1 £ 2.6 438 + 1.9 Female WT 327+28 318+ 18

Male GLP-1R" 40.0 £ 1.6 380+17 Female GLP1R™" 28112 27.6 £1.9

Male GLP-1R*"* GEP44 vs exendin-4 (P=NS); Male GLP-1R”" GEP44 vs exendin-4 (P=NS).
Female GLP-1R*'* GEP44 vs exendin-4 (P=NS); Female GLP-1R”" GEP44 vs exendin-4 (P=NS).
N=9-11/group.
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HR (95% CI) HR (95% CI)

Total 0.856 (0.802-0.915) <0.001 1.045 (1.021-1.069) <0.001

Subgroup by age

Aged < 65 years 0.836 (0.760-0.919) <0.001 1.064 (1.029-1.099) <0.001
Aged > 65 years 0.875 (0.798-0.960) 0.005 1.033 (1.001-1.066) 0.046
Subgroup by sex

Men 0.826 (0.758-0.900) <0.001 1.079 (1.043-1.116) <0.001

‘Women 0.897 (0.806-0.998) 0.046 1.017 (0.984-1.051) 0325

Subgroup by cause of death

Cancer 0.829 (0.726-0.947) 0.006 1.057 (1.009-1.107) 0.019
Non-cancer 0.867 (0.803-0.935) <0.001 1.041 (1.014-1.069) 0.003
CVD/CVA 0.974 (0.867-1.094) 0.659 1.027 (0.986-1.069) 0.204
PSM data* 0.899 (0.830-0.973) 0.008 0.955 (0.925-0.985) 0.004

ASML, appendicular skeletal mass index; FMI, fat mass index; CVD, cardiovascular disease; CVA, cerebrovascular accident.

Adjusted for age, sex, ethnicity/race, smoking status, alcohol consumption, history of cancer at baseline, diabetes mellitus, hypertension, dyslipidemia, previous CVD events, and ASMI or FMI.
*Adjusted for diabetes mellitus, hypertension, dyslipidemia, previous CVD events, and ASMI or EMI in propensity score-matched data for age, sex, ethnicity/race, smoking status, and
alcohol consumption.
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Treatmen

TURP 100,295
PKRP 1,530
TUIP 90

opP 4,621
HoLEP 3,956
ThuLEP 1,584
PVP 14,058
AquaBeam 217
PAE 1,796
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PV, prostate volume; IPSS, International Prostate Symptom Score; PVR, postvoid residual volume; Qmax, maximum urinary flow rate; TURP, transurethral resection of the prostate (monopolar);
PKRP, plasma kinetic resection of prostate; TUIP, transurethral incision of prostate; OP, open prostatectomy; HoLEP, holmium laser enucleation of the prostate; ThuLEP, thulium:yttrium
aluminum garnet laser (Tm : YAG) enucleation of the prostate, also including ThuVEP (vapoenucleation); PVP, photoselective vaporization of the prostate; AquaBeam, image-guided robotic
waterjet ablation; PAE, prostatic artery embolization; TUMT, transurethral microwave therapy.
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1 year 2 years 3 years 5 years
PI (95% ClI) Studies Pl (95% ClI) Studies PI (95% CI) Studies Pl (95% CI) Studies
Resection
TURP 4.0% (3.0% to 5.1%) 23 5.0% (3.5% to 6.6%) 14 6.0% (4.4% to 7.7%) 13 7.7% (5.8% to 9.8%) | 13
PKRP 3.5% (0.6% to 8.2%) i 3.6% (1.9% to 5.8%) 3 5.7% (3.2% to 8.8%) 6 6.6% (4.6% t0 93%)* | 1
- 0 - 0 - 0 13.4% (6.9% to 2
21.5%)
Enucleation
oP 1.3% (0.3% to 2.8%) 7 - 0 - 0 4.4% (1.5% to 8.7%) | 4
HOLEP | 2.4% (1.1% to 4.1%) 8 3.3% (0.1% to 17.2%)* 1 5.4% (3.7% to 7.2%) 5 6.6% (42% t0 95%) | 7
ThuLEP | 3.7% (2.2% to 5.5%) 3 7.7% (4.4% to 11.8%) - 0 f“% 1% to112%) | 1
Vaporization
PVP 3.3% (1.8% to 5.2%) 16 4.1% (2.9% to 5.6%) 19 6.7% (4.3% 10 9.5%) 9 7.1% (5.1% t0 9.4%) | 9
Other
2.6% (0.5% to 7.4% 1 1 2
AquaBeam | | ¢ o 7.4%) 3.1% (1.1% to 6.0%) 3.0% (0.6% to 8.4%)* 4.1% (1.7% to 7.2%)
T 122% (2.4% to 4 20.0% (8.9% to 3 26.4% (18.9% to 1 23.8% (21.4% to 2
27.8%) 34.1%) 35.0%)* 26.3%)
omr | 9% (70% 0 2 19.9% (15.0% to 1 23.3% (16.3% to 3 31.2% (25.5% to 7
13.3%) 25.7%)* 31.2%) 37.2%)

*Incidence rates were not pooled as only one article reported the predefined outcome.

PI, pooled incidence; CI, confidence interval; TURP, transurethral resection of the prostate (monopolar); PKRP, plasma kinetic resection of prostate; TUIP, transurethral incision of prostate; OP,
open prostatectomy; HoLEP, holmium laser enucleation of the prostate; ThuLEP, thulium:yttrium aluminum garnet laser (Tm : YAG) enucleation of the prostate, also including ThuVEP
(vapoenucleation); PVP, photoselective vaporization of the prostate; AquaBeam, image-guided robotic waterjet ablation; PAE, prostatic artery embolization; TUMT, transurethral microwave

therapy. =" means no data.
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Participants in the NHANES 1999-2008 and 2011-2018
(n = 80,630)

Missing data on mortality (n = 34,295)

Participants with mortality data of National Death Index
(n=46,335)

Participants without the dual-energy X-ray absorptiometry data
(n=23,693)

Participants with a body mass index < 25 kg/m?
(n=6,107)

16,555 participants were included in the final analysis
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Records after duplicates removed
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Full-text articles
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(n=259)

Studies included in the
qualitative and
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Records identified through
Web of Science searching
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Records excluded after titles
and abstracts reviewed
(n=1988)

Records excluded after full texts reviewed (n=140)
-Duplicate cohort (n=7)

-Retreatment rate not reported (n=62)

-Not English (n=22)

-Time of follow up was not mutiples of full year (n=49)
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Stephenson 1991 (13) 318 TURP RS Database United States 72

Sidney 1992 (14) 7,771 TURP RS Database United States 96
Matani 1996 (15) 166 TURP RS Single center Germany 60
Jahnson 1998 (16) 42 TURP RCT Single center Sweden 60
Carter 1999 (17) 96 TURP RCT Single center United Kingdom 12
Hammadeh 2000 (18) 52 TURP RCT Single center United Kingdom 36
Schatzl 2000 (19) 28 TURP NRPS Single center Austria 24
Keoghane 2000 (20) 76 TURP RCT Single center United Kingdom 24
Floratos 2001 (21) 73 TURP RCT Single center The Netherlands 36
Tuhkanen 2001 (22) 25 TURP RCT Single center Finland 24
Helke 2001 (23) 93 TURP NRPS Single center Germany 12
Hammadeh 2003 (24) 52 TURP RCT Single center United Kingdom 60
van Melick 2003 (25) 50 TURP RCT Single center The Netherlands 12
Tan 2003 (26) 30 TURP RCT Single center New Zealand 12
Hill 2004 (27) 56 TURP RCT Multicenter United States 60
Madersbacher 2005 (5) 20,671 TURP RS Single center Austria 96
Liu 2005 (28) 32 TURP RCT Single center Taiwan 24
Wilson 2006 (29) 30 TURP RCT Single center New Zealand 24
Ahyai 2007 (30) 100 TURP RCT Single center Germany 36
Tasci 2008 (31) 41 TURP NRPS Single center Tiirkiye 24
Zhao 2010 (32) 102 TURP RCT Single center China 36
Ou 2010 (33) 35 TURP RCT Single center China 12
Muslumanoglu 2011 (34) 47 TURP RCT Single center Tiirkiye 12
Xue 2013 (35) 100 TURP RCT Single center China 36
Cui 2013 (36) 49 TURP RCT Single center China 48
Mamoulakis 2013 (37) 149 TURP RCT Multicenter The Netherlands, Germany, 36
Greece, and Italy

Stucki 2014 (38) 67 TURP RCT Single center Switzerland 12
Bachmann 2014 (39) 127 TURP RCT Multicenter Austria, Belgium, France, 6

Germany, Italy, the
Netherlands, Spain,
Switzerland, and the United

Kingdom
Guo 2015 (40) 68 TURP NRPS Multicenter Switzerland 60
Thomas 2015 (41) 121 TURP RCT Multicenter Austria, Belgium, France, 24

Germany, Italy, the
Netherlands, Spain,
Switzerland, and the United

Kingdom
Al-Rawashdah, 2017 (42) 251 TURP RCT Single center Ttaly 36
Eredics, 2018 (6) 20,388 TURP RS Database Austria 96
Mordasini, 2018 (43) 126 TURP RCT Single center Switzerland 60
Ray 2018 (44) 89 TURP RS Database United Kingdom 12
Prudhomme 2019 (45) 34 TURP RS Multicenter France 12
Sagen 2020 (46) 355 TURP RS Single center Sweden 36
Stoddard 2021 (47) 36,040 TURP NRPS Database United States 60
Abt 2021 (48) 51 TURP RCT Single center Switzerland 24
Ofoha 2021 (49) 30 TURP RS Single center Nigeria i2
Gilling 2022 (50) 65 TURP RCT Multicenter United States, Australia, New 60

Zealand, and the United

Kingdom
Loloi 2022 (51) 304 TURP RS Single center United States 60
Yang 2022 (52) 370 TURP RS Single center China 36
Yang 2023 (53) 320 TURP RS Single center China 36
Raizenne 2023 (54) 11,205 TURP RS Database United States 24
Hu, 2016 (55) 467 PKRP RS Single center China 60
Al-Rawashdah, 2017 (42) 246 PKRP RCT Single center Ttaly 36
Cheng 2021 (56) 60 PKRP NRPS Single center China 36
Zhu 2012 (57) 132 PKRP NRPS Single center China 36
Li 2017 (58) 44 PKRP NRPS Single center China 36
Elshal 2020 (59) 62 PKRP RCT Single center Egypt 36
Mamoulakis 2013 (37) 146 PKRP RCT Multicenter The Netherlands, Germany, 36

Greece, and Italy

Wei 2016 (60) 204 PKRP RS Single center China 24
Peng 2016 (61) 59 PKRP RCT Single center China 12
Yip 2011 (62) 40 PKRP RCT Single center Hong Kong 12
Stucki 2014 (38) 70 PKRP RCT Single center Switzerland 12
Jahnson 1998 (16) 43 TUIP RCT Single center Sweden 60
Elshal 2014 (63) 47 TUIP RS Database Egypt 60
Sidney 1992 (14) 448 OoP RS Database United States 96
Eredics 2018 (6) 1,286 opP RS Database Austria 96
Kuntz 2007 (64) 60 OoP RCT Single center Germany 60
Madersbacher 2005 (5) 2,452 op RS Single center Austria 96
Ou 2010 (33) 34 (0)3 RCT Single center China 12
Sofimajidpour 2020 (65) 80 op RS Single center Iran 12
Ofoha 2021 (49) 29 OoP RS Single center Nigeria 12
Varkarakis 2004 (66) 232 opP NRPS Single center Greece 12
Shah 2021 (67) 94 HoLEP RCT Single center India 60
Gilling 2008 (68) 71 HoLEP NRPS Single center New Zealand 60
Whiting 2022 (69) 1,016 HoLEP NRPS Single center United Kingdom 60
Elshal 2012 (70) 978 HoLEP RS Single center Canada 60
Droghetti 2022 (71) 567 HoLEP RS Single center Ttaly 60
Kuntz 2007 (64) 60 HoLEP RCT Single center Germany 60
Enikeev 2019 (72) 127 HoLEP RS Single center Russia 60
Elshal 2020 (59) 60 HoLEP RCT Single center Egypt 36
Bhandarkar 2022 (73) 86 HoLEP RCT Single center India 36
Vavassori 2008 (74) 330 HoLEP NRPS Single center Ttaly 36
Ahyai 2007 (30) 100 HoLEP RCT Single center Germany 36
Wilson 2006 (29) 30 HoLEP RCT Single center New Zealand 24
Prudhomme 2019 (45) 17 HoLEP RS Multicenter France i)
Tan 2003 (75) 30 HoLEP RCT Single center New Zealand 12
Elshal 2014 (63) 50 HoLEP RCT Single center Canada 12
Bae 2011 (76) 309 HoLEP RS Single center Korea 12
Aho 2005 (77) 20 HoLEP RCT Single center New Zealand 12
Neill 2006 (78) 20 HoLEP RCT Single center New Zealand 12
Castellani 2019 (79) 412 ThuLEP RS Single center Italy 12
Gross 2017 (80) 500 ThuVEP RS Single center Germany 60
Tao 2019 (81) 198 ThuVEP RCT Single center China 24
Tao 2017 (82) 248 ThuVEP RS Single center China 24
Becker 2017 (83) 80 ThuVEP RS Multicenter Italy 24
Bach 2011 (84) 90 ThuVEP NRPS Single center Germany 12
Netsch 2012 (85) 56 ThuVEP NRPS Single center Germany 12
Park 2017 (86) 159 PVP RS Single center Korea 60
Law 2021 (87) 3,627 PVP RS Multicenter Canada, France, Germany, 60

Ttaly, Mexico, Brazl, and

Argentina
Yamada 2016 (88) 1,154 PVP RS Single center Japan 120
Hai 2009 (89) 321 PVP RS Single center United States 60
Elshal 2014 (63) 144 PVP RS Database Egypt 60
Mordasini 2018 (43) 112 PVP RCT Single center Switzerland 60
Guo 2015 (40) 120 PVP NRPS Multicenter Switzerland 60
Malde 2012 (90) 115 PVP NRPS Single center United Kingdom 60
Ajib 2018 (91) 370 PVP RS Single center Canada 60
Cheng 2021 (56) 60 PVP RS Single center China 36
Kim 2016 (92) 630 PVP RS Single center Korea 36
Te 2006 (93) 139 PVP NRPS Single center United States 36
Tasci 2011 (94) 550 PVP NRPS Single center Tiirkiye 36
Meskawi 2017 (95) 438 PVP RS Multicenter Canada, United States, and 36

France
Xue 2013 (35) 100 PVP RCT Single center China 6
Guo 2015 (40) 56 PVP NRPS Single center Switzerland 36
Malek 2000 (96) 55 PVP NRPS Single center United States 24
Hueber 2015 (97) 1,196 PVP RS Multicenter Canada, United States, 24

France, and England

Tao 2013 (98) 188 PVP NRPS Single center China 24
Chung 2011 (99) 162 PVP NRPS Single center United States 24
Stone 2016 (100) 70 PVP NRPS Single center United States 24
Liu 2020 (101) 150 PVP RS Single center China 24
Campobasso 2019 (102) 1,031 PVP RS Multicenter Ttaly 24
Tao 2019 (81) 216 BVP RCT Single center China 24
Chen 2013 (103) 132 PVP RS Single center Taiwan 24
Valdivieso 2016 (104) 440 PVP RS Multicenter Canada, United States, 24

United Kingdom, and France

Kim 2010 (105) 169 PVP NRPS Single center Korea 24
Tasci 2008 (31) 40 PVP NRPS Single center Tiirkiye 24
Ruszat 2006 (106) 183 PVP NRPS Single center Switzerland 24
Ghobrial 2020 (107) 58 PV, RCT Single center Egypt 24
Huet 2019 (108) 100 PVP NRPS Single center France 24
Thomas 2015 (41) 128 PVP RCT Multicenter Austria, Belgium, France, 24

Germany, Ttaly, the
Netherlands, Spain,
Switzerland, and the United

Kingdom

Prudhomme 2019 (45) 9 PVP RS Multicenter France 12
Liu 2022 (109) 77 PVP RCT Single center China 12
Mosli 2013 (110) 103 PVP NRPS Single center Egypt 12
Seki 2008 (111) 161 PVP NRPS Single center Japan 12
Hueber 2012 (112) 250 PVP RS Single center Canada 12
Peng 2016 (61) 61 PVP RCT Single center China 12
Tao 2019 (113) 102 PVP RCT Single center China 12
Tugcu 2007 (114) 100 PVP RS Single center Tiirkiye 12
Bachmann 2014 (39) 131 PVP RCT Multicenter Austria, Belgium, France, 6

Germany, Ttaly, the
Netherlands, Spain,
Switzerland, and the United

Kingdom
Carter 1999 (17) 95 12V RCT Single center United Kingdom 12
Pfitzenmaier 2008 (115) 173 PVP NRPS Single center Germany 12
Abolazm 2020 (116) 49 PVP RCT Single center Egypt 12
Bhojani 2023 (117) 101 AquaBeam NRPS Multicenter United States, Canada 60
Gilling 2022 (50) 116 AquaBeam RCT Multicenter United States, Australia, New 60

Zealand, and the United

Kingdom
Zorn 2022 (118) 101 AquaBeam RCT Multicenter United States and Canada 36
Bilhim 2022 (119) 1,072 PAE RS Single center Portugal 120
Xu 2022 (120) 125 PAE RS Single center China 60
Abt 2021 (48) 48 PAE RCT Single center Switzerland 24
Raizenne 2023 (54) 335 PAE RS Database United States 24
Ray 2018 (44) 216 PAE RS Database United Kingdom 12
Gravas 2007 (121) 213 TUMT NRPS Single center Greece 60
Francisca 1999 (122) 1,092 TUMT NRPS Multicenter Korea, Sweden, Singapore, 60

Spain, Canada, and the

Netherlands
Raizenne 2022 (123) 119 TUMT RS Database United States 60
Lau 1998 (124) 106 TUMT RS Single center Singapore 60
Ohigashi 2007 (125) 34 TUMT NRPS Single center Japan 60
Keijzers 1998 (126) 231 TUMT NRPS Single center The Netherlands 60
Tsai 2000 (127) 82 TUMT RCT Single center Taiwan 60
Floratos 2001 (21) 82 TUMT RCT Single center The Netherlands 36

FU (mo), follow-up (months); RCT, randomized controlled trial; NRPS, non-randomized prospective study; RS, retrospective study; TURP, transurethral resection of the prostate (monopolar);
PKRP, plasma kinetic resection of prostate; TUIP, transurethral incision of prostate; OP, open prostatectomy; HoLEP, holmium laser enucleation of the prostate; ThuLEP, thulium:yttrium
aluminum garnet laser (Tm : YAG) enucleation of the prostate, also including ThuVEP (vapoenucleation); PVP, photoselective vaporization of the prostate; AquaBeam, image-guided robotic
waterjet ablation; PAE, prostatic artery embolization; TUMT, transurethral microwave therapy.
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Parameter in Study- Baseline (BL) T Therapy (6M) P value

characteristics

Age 59.8 + 8.5 60.1 + 8.7 0.86
BMI 7 3211 £ 5.1 7 322+£49 0.90
Testosterone 258.6 + 90.34 578.3 + 241.7 0.001
Estradiol 15.69 + 6.06 37.39 £ 212 0.001
E/T 0.70 £ 0.38 71.3 £ 40.1 0.001
Total body fat mass (g) 31505 + 11391 28222 + 9629 0.21
Total % body fat 30.71 £ 6.35 27.79 £ 52 <0.05
Trunk fat mass (g) 16843 + 7495 14921 £ 6227 0.27
Total lean mass (g) 63201 + 5894 67006 + 7495 0.03
Appendicular lean 29043 + 4474 30586 + 4040 0.14
mass (g)

Fat-free mass (g) 67696 + 7652 69669 + 7637 0.29
Leptin (ng/ml) 2.7 +201 21%15 0.15
Adiponectin (ug/ml) 49.7 £ 27.6 4537 +27.1 0.50
CYP19AI1-Fat 2.99 £ 0.90 7 6.58 £2.26 0.26
ESRo-Fat 56.2 £ 17.76 7 68.96 + 28.8 0.74
ADIPSIN (ng/ml) 1864 = 1538 1193 + 520.5 0.02
PRDM16 (ng/ml) 0.30 £ 0.11 0.55 £ 0.72 <0.05
PAX7 (ng/ml) 312 £ 133 42.3 £ 139 0.001
FOLLISTATIN (pg/ml) 2344 + 1684 3508 + 1725 0.003
MYOSTATIN (pg/ml) 3437 £ 2029 2882 £ 1800 0.40

The above table explore the Baseline and 6M characteristics of the subset who participated in
the study. Six months of Testosterone (T) therapy significantly enhanced T, estradiol, E/T
along with serum levels of Myogenic (PRDM16, PAX7, FST) and total lean mass, while
decreased total % body fat, adipokine ADIPSIN. BMI, Body mass index; E, estradiol; T,
Testosterone; CYP19A1 gene, Cytochrome P450 Family 19 Subfamily A member 1; ESRou
gene, Estrogen receptor alpha; PAX7, Paired box7 protein; PRDM16, PR domain containing
protein 16; The bolded p values are statistically significant, All values are Mean + SD.
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Unadjusted Model Multivariate Model 1 Multivariate Model 2
Groups Death rate n/N (%)

HR (95% CI) p-Value HR (95% ClI) p-Value HR (95% Cl)  p-Value

BMI status, kg/m?

<185 12/46(26.1) 3.32 (1.68-6.56) <0.001 3.56 (1.79-7.08) <0.001 3.49 (1.75-6.99) <0.001

18.5-24 27/303(8.9) 1.00 (reference) 1.00 (reference) 1.00 (reference)

24-30 22/227(9.7) 1.096(0.62-1.92) 0.750 1.025(0.58-1.80) 0.932 1.01(0.62-1.93) 0.758
230 8/37(21.6) 270 (1.23-5.94) 0.014 2.75 (1.24-6.14) 0.013 2.50 (1.12-5.59) 0.026

WC status, cm
< 80/90 21/267(7.9) 1.00 (reference) 1.00 (reference) 1.00 (reference)

> 80/90 48/346(13.9) 1.85(1.11-3.09) 0.019 1.75(1.04-2.92) 0.034 1.80 (1.06-3.05) 0.029

HR, hazard ratio; CI, confidence interval; BMI, body mass index; WC, waist circumference.

Unadjusted and multivariable-adjusted HRs were analyzed by the Cox proportional hazards risk model with all-cause death. Multivariable-adjusted model 1 was adjusted for age, sex, smoking,
alcohol drinking, and comorbidities of hypertension, diabetes, stroke, and CHD. Multivariable-adjusted model 2 was adjusted for model 1 plus dialysis vintage, Kt/V, hemoglobin, serum levels of
albumin, total cholesterol, triglycerides, calcium, phosphate, intact parathyroid hormone, and C-reactive protein.
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BMI, kg/m? WC, cm HRs%C) O . HReEswcy O o HROswc) O o
< 18.5 <80/90 12/46(26.1) 5.28(2.33-11.96) <0.001 5.49(2.41-12.49) <0.001 5.29(2.32-12.07) <0.001
>80/90 - - - - - - -
18.5-24 <80/90 11/189(5.8) 1.00(reference) 1.00(reference) 1.00(reference)
>80/90 16/114(14.0) 2.67(1.28-5.74) ‘ 0.012 2.53(1.17-5.47) 0.018 2.61(1.20-5.66) 0.016
24-30 <80/90 1/32(3.1) 0.54(0.07-4.16) 0.551 0.66(0.09-5.13) 0.692 0.89(0.11-6.93) 0.907
280/90 21/195(10.8) 1.95(1.01-4.04) 0.023 1.72(1.02-4.05) 0.036 1.79(1.03-3.73) 0.031
230 <80/90 - - - - - = =
280/90 8/37(21.6) 4.29(1.72-10.66) 0.002 4.36(1.73-11.02) 0.002 5.36(2.09-13.76) <0.001

HR, hazard ratio; Cl, confidence interval; BMI, body mass index; WC, waist circumference.
Unadjusted and multivariable-adjusted HRs were analyzed by the Cox proportional hazards risk model with all-cause death. Multivariable-adjusted model 1 was adjusted for age, sex, smoking,
alcohol drinking, and comorbidities of hypertension, diabetes, stroke, and CHD. Multivariable-adjusted model 2 was adjusted for model 1 plus dialysis vintage, Kt/V, hemoglobin, serum levels of
albumin, total cholesterol, triglycerides, calcium, phosphate, intact parathyroid hormone, and C-reactive protein.
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Characteristic Total (N = 613) Males (N=355) Females (N=258) p-value

Demographics

Age, years 63.82 +7.14 63.86 + 7.51 63.37 + 8.14 0.444

Smoking history, n (%) 270(44.0) 150(42.3) 120(46.5) 0.294
Alcohol intake, n (%) 261(42.6) 147(41.4) 114(44.2) 0.492
Comorbidity ‘
Hypertension, n (%) 545(88.9) 311(87.6) 234(90.7) 0.229
Diabetes, n (%) 231(37.7) 131(36.9) 100(38.8) 0.639
Stroke, n (%) 101(16.5) 55(15.5) 46(17.8) 0.441
CHD, n (%) 194(31.6) 95(26.8) 99(38.4) 0.002
Dialysis vintage, month 57 (24-101) 54.00(21.00-91.00) 63.00 (30.00-110.50) 0.022
Single-pool Kt/V 1.29 £0.18 1.30 £ 0.18 1.27 £ 0.17 0.108
BMI (range), kg/m? 23.03(21.00-26.10) 23.00 (21.26-25.95) 23.27 (20.75-26.57) 0.638
BMI (status), n (%) ‘ 0.461
< 185 kg/m® 46(7.5) 29(8.2) 17(6.6)
18.5-24 kg/m* 303(49.4) 180(50.7) 123(47.7)
24-30 kg/m? 227(37.0) 124(34.9) 103(39.9)
> 30 kg/m? 37(6.0) 22(6.2) 15(5.8)
WC (range), cm 87.00(78.00-94.00) 86.00 (78.00-94.00) 87.00 (78.00-96.00) 0.320
Abdominal obesity, n (%) 346(56.4) 188(53.0) 158(61.2) 0.041
Laboratory data
Hb, g/L 111.16 + 14.53 111.09 + 14.86 111.24 + 14.08 0.896
Alb, g/L 39.73 £3.25 39.61 £3.18 39.90 + 3.35 0.286
TC, mmol/L 425+ 128 4.21 = 0.94 4.30 + 1.63 0.380
TG, mmol/L 2.09 = 146 2.03 + 1.30 2.19 + 1.64 0.178
Scr, ummol/L 832.50(620.30-1006.70) 906.80(682.20-1075.70) 733.00(533.00-898.10) <0.001
BUN, mmol/L 22.32(17.99-26.68) 23.35(19.60-27.83) 21.02(15.49-25.44) <0.001
Calcium, mmol/L 224 +£024 225+0.25 223024 0.308
Phosphate, mmol/L 172 + 0.65 1.71 £ 0.60 172+ 071 0.848
iPTH, pg/mL 187.60(103.50-358.15) 176.20(99.70-332.70) 223.45(111.47-376.13) 0.093
CRP, mg/L 2.75(1.41-6.02) 2.72(1.33-4.88) 2.82(1.50-8.05) 0.080

Data were presented as mean + SD or median (interquartile range) for continuous variables and number (%) for categorical variables. CHD, coronary heart disease; MoCA, Montreal Cognitive
Assessment; Kt/V, an indicator for evaluating dialysis adequacy; BMI, body mass index; WC, waist circumference; Hb, hemoglobin; ALB, albumin; TC, total cholesterol; TG, triglyceride; Scr,
serum creatinine; BUN, blood urea nitrogen; iPTH, intact parathyroid hormone; CRP, C-reactive protein.
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Adaptation
index

¥/ df

Reference value <3.00 >0.9 >0.9 >0.9 >0.9 >0.9 >0.9 <0.08

Model test value 1.577 0.973 0.878 0.804 0.952 0.918 0.949 0.043
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alexithymia support depression
HbA, . 1
alexithymia 0.392% 1
Si‘;‘;jit -0.338** -0.357%% 1
depression 0.509** 0.345** -0.095 1

**P<0.01.
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standardized
coefficient

Lower

B95%CI

Upper

HDA,.

alexithymia
social support

depression

0.189

-0.161

0318

0392

-0.338

0.509

7.578

-6.375

10.510

<0.001

<0.001

<0.001

0.140

-0.211

0.259

0237

-0.111

0.378
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Current

situation
<7.0%
(78,24.53%)
+ —
HAb,. 7004 8.85 + 2.107
(240,75.47%)
No(219,68.87%
Alexithymia ol | 5505+ 4382 —
Yes(99,31.13%)
DIF 18.31 + 3.153 2.62 + 0.450
DDF 14.39 £+ 1.718 2.88 + 0.344
EOT 25.35 + 1.897 3.17 £ 0.237
Low level
(1,0.31%)
Medium level
Social t 34.29 + 4420 —
octat suppor (302,94.97%)
High
level(15,4.72%)
oS 10.02 + 2.264 3.34 £ :0.755
SS 19.36 + 2.684 4.84 + 0.671
USS 492 + 1.658 1.64 £ 0.553
No(173,54.40%)
Mildly
Depression (140,44.03%) 7.17 + 3.367 —
Moderately
(5,1.57%)
SA 2.02 £ 1475 0.40 £ 0.295
w 1.22 £ 1.533 1.22 + 1.533
CI 0.64 + 0.788 0.21 = 0.263
SU 0.82 + 1.145 0.21 + 0.286
SD 2.37 £ 1493 0.79 + 0.498

DIF, Difficulty Identifying Feelings; DDF, Difficulty Describing Feelings;
EOT, Externally-Oriented Thinking; OS, objective support; SS, subjective support; USS, utilization of
social support; SA, Somatization of anxiety; W, weight; CI, cognitive impairment; SU, silted up; SD,

sleep disorder.






OPS/images/fendo.2024.1390564/table1.jpg
Characteristics Category n(%)
Gender Man 152(47.8)
Woman 166(52.2)

Age (years) 18-44 22(6.9)
45-64 174(54.7)
>65 122(38.4)
Education level Primary and below 132(41.5)
middle school 114(35.8)

Pl S50

college and above 24(7.5)
Marital status marriage 267(84.0)
non-marital 51(16.0)

Career incumbency 98(30.8)
non-working 220(69.2)
M(;::z f:;c;iita <3000 139(43.7)
3000-5000 103(32.4)

>5000 76(23.9)
Medical insurance Yes 295(92.8)
No 23(7.2)
Course of disease(year) 1-10 203(63.8)
11-20 88(27.7)

>21 27(8.5)

Treatment dietary control only 24(7.5)
antihyperglycemic drug 165(51.9)

insulin 43(13.5)

glucose—IO\.Nen'n.g drugs 86(27.0)

and insulin

Complications Yes 113(35.5)
No 205(64.5)
Co-morbidity Yes 166(52.2)
No 152(47.8)

HbA,, <7.0 78(24.5)
>7.0 240(75.5)
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sc ot ot
Treatment  Vehicle (16 nmol/day) (50 nmol/day)

Leptin (ngiml) 904 £ 78" 8236 69965
23573

EGE21 (pyml) 2250 30874+ 4142" 30801 2 5207

Irisin (ugiml) 35203 37203 12200

Adiponectin

(pg/mL) 11207 10 121209°

Blood Glucose 265

(mgiat) 122 w5027 20032 110"

FFA (mEQL) 012002 o1 x00r o1 z001

Glycerol (mg/dl) 20207 EEl 03x18

Total

Cholesteral 2125

(mgiat) 272 w790 273292

Blood was callced by il vin nick (blood glucose) o from the runk fllowing.a & fst.
Difleent s denote significant difernces besween rcaments

Shared letes sre ot significantly difleent from one another.

Data ae exprssed s mesn + SEM.

Nell-l4igroup.
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Females: CVAI = ~187.32 + 1.71 x age + 4.32 x BMI (kg/m2) + 1.12 x WC (cm) + 39.76 x Logio TG (mmol/I) - 11.66

x HDL - C(mmol/l)
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Males: CVAI = ~267.93 +0.68 x age + 0.03 x BMI (kg/m2) +4.00 x WC (cm) +22.00 x Logio TG (mmol/l) - 16.32

X HDL - Clmmol/l) ®
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OR 95%Cl P value

BMI (kg/m?)
<25 0.83 0.74-0.93 <0.001
25-29 0.87 0.78-0.96 0.007
>30 0.93 0.85-1.02 0.148
Smoking
No 0.88 0.81-0.95 <0.001
Yes 0.90 0.82-0.99 0.022
Diabetes
No 0.89 0.84-0.96 <0.001
Yes 0.86 0.76-0.98 0.024

Alcohol consumption

No 0.91 0.83-1.00 0.048

Yes 0.87 0.81-0.94 <0.001
Sex

Female 0.88 0.82-0.95 <0.001

Male 0.87 0.79-0.96 0.005

Age (years)
40-59 0.88 0.82-0.96 0.002

260 0.88 0.81-0.96 0.005

Subgroup analyses were adjusted for sex, age, smoking, alcohol use, and diabetes.
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Exposure

ABSI

Model 1[°]

B (95% Cl)
P-value

-0.163
(-0.191, -0.136)

Model 2[°]

B (95% Cl)
P-value

-0.109
(-0.138, -0.080)

Model 3[]

B (95% ClI)
P-value

-0.119
(-0.149, -0.089)

<0.0001 0.0002 <0.0001

ABSI quartile

Q1 7 Ref Ref Ref

Q2 -0.387 -0.299 -0.313
(-0.441, -0.333) (-0.383, -0.215) (-0.398, -0.228)
<0.0001 0.0004 0.0002

Q3 -0.474 -0.343 -0.356
(-0.558, -0.389) ((-0.431, -0.256) ((-0.444, -0.269)
<0.0001 <0.0001 <0.0001

Q4 -0.481 -0.321 -0.352

(-0.566, -0.397)

(-0.410, -0.231)

(-0.444, -0.260)

<0.0001

0.0004

0.0001

“Model 1: adjusted for no covariates.

"Model 2: adjusted

“Model 3: adjusted for sex, age, race, poverty income ratio, body mass index, education,

for age, sex, and race.

marital status, smoking, alcohol use, diabetes, hypertension.
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Characteristic ABSI quartiles

Q1(6.10-7.99) Q2(7.99-8.28) Q3(8.28-8.57) Q4(8.57-11.10)

No. of participants 11070 2812 2713 2752 2793

Adult body shape index 828 +0.45 7.711 £ 0.243 8.141 + 0.082 8.421 +0.084 8.842 + 0.236 <0.0001
Klotho concentration (pg/ml) = 853.33 + 309.80 893.589 + 331.977 852.179 + 313.726 844.986 + 299.446 822.153 + 287.954 <0.0001
Age (years) 57.62 +10.83 52.862 £ 9.816 55.664 +10.238 58.598 + 10.228 63.343 £ 10.043 <0.0001
40-59 (%) 5445 18.509 15393 12.520 8.121

260 (%) 45.55 6.893 9.115 12.340 17.109

Sex (%) <0.0001
Female 50.94 16.893 12.285 10.894 10.867

Male 49.06 8.509 12.222 13.966 14.363

Race (%) <0.0001
Mexican American 1531 3279 4.146 4.038 3.749

Other Hispanic 10.87 2.692 2918 2773 2.484

Non-Hispanic white 45.40 9.874 10.136 11.454 13.939

Non-Hispanic black 19.62 7.218 4.932 4.246 3.225

Other races 8.80 2240 2.376 2.349 1.834

Poverty income ratio 2.65 = 1.65 2.85 £ 1.67 2.73 = 1.66 2.63 + 1.66 2.39 + 1.57 <0.0001
<1.3 (%) 29.85 6.531 6.929 7.570 8.817

>1.3 and <3.5 (%) 36.16 8.808 8.835 8.835 9.684

>3.5 (%) 33.99 10.063 8.744 8.455 6.730

BMI (kg/m2) <0.0001
<25 (%) 23.62 6.531 6.929 7.570 8.817

25-30 (%) 34.94 8.808 8.835 8.835 9.684

230 (%) 4144 10.063 8.744 8.455 6.730

Education level (%) <0.0001
Less than high school 2641 5.474 5.953 6.902 8.085

High school 2232 5393 5.294 5.574 6.061

More than high school 51.26 14.535 13.261 12.385 11.084

Marital Status (%) <0.0001
Married 60.10 14.824 15.176 15.474 14.625

Others 39.90 10.578 9.332 9.386 10.605

Hypertension (%) ‘ <0.0001
Yes 46.01 9.494 10.524 11.689 14.230

No 53.99 15.908 13.984 13.170 10.930

Diabetes (%) <0.0001
Yes 18.11 2.755 3.550 4.878 6.929

No 81.89 22.647 20.958 19.982 18.302

Smoking (%) <0.0001
Yes 49.23 9.874 11.319 12.990 15.050

No 50.77 | 15.528 13.189 11.870 | 10.181

Alcohol consumption (%) <0.0001
Yes 71.40 17.407 17.552 18.302 18.139

No 28.60 7.995 6.947 6.558 7.064

“Mean + SE for continuous variables, and a P-value calculated by weighted t-test.
®96 for categorical variables, and P-value calculated by weighted Chi-square test.
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Score Severity Fat infiltration

0 None Absence of visible fat streaks

1 Mild Minimal fatty streaks

2 Moderate A greater proportion of muscle than fat
3 Moderate-Severe Equal amounts of fat and muscle

4 Severe A greater proportion of fat than muscle
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HR (95% CI) HR (95% CI)

Total 0.856 (0.802-0.915) <0.001 1.045 (1.021-1.069) <0.001

Subgroup by age

Aged < 65 years 0.836 (0.760-0.919) <0.001 1.064 (1.029-1.099) <0.001
Aged > 65 years 0.875 (0.798-0.960) 0.005 1.033 (1.001-1.066) 0.046
Subgroup by sex

Men 0.826 (0.758-0.900) <0.001 1.079 (1.043-1.116) <0.001

‘Women 0.897 (0.806-0.998) 0.046 1.017 (0.984-1.051) 0325

Subgroup by cause of death

Cancer 0.829 (0.726-0.947) 0.006 1.057 (1.009-1.107) 0.019
Non-cancer 0.867 (0.803-0.935) <0.001 1.041 (1.014-1.069) 0.003
CVD/CVA 0.974 (0.867-1.094) 0.659 1.027 (0.986-1.069) 0.204
PSM data* 0.899 (0.830-0.973) 0.008 0.955 (0.925-0.985) 0.004

ASML, appendicular skeletal mass index; FMI, fat mass index; CVD, cardiovascular disease; CVA, cerebrovascular accident.

Adjusted for age, sex, ethnicity/race, smoking status, alcohol consumption, history of cancer at baseline, diabetes mellitus, hypertension, dyslipidemia, previous CVD events, and ASMI or FMI.
*Adjusted for diabetes mellitus, hypertension, dyslipidemia, previous CVD events, and ASMI or EMI in propensity score-matched data for age, sex, ethnicity/race, smoking status, and
alcohol consumption.
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Model 1 Model 2

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

Total 1.612 (1.328-1.957) <0.001 1.481 (1.203-1.823) <0.001

Subgroup by age

Aged < 65 years [ 2707 (1.813-4.043) <0.001
Aged > 65 years 1.174 (0.982-1.404) 0.079
Subgroup by sex

Men 1.429 (1.101-1.854) 0.007
Women 1.924 (1435-2.581) <0.001

Subgroup by cause of death

Cancer 1.541 (1.028-2.309) 0.036
Non-cancer 1.629 (1.306-2.031) <0.001
CVD/CVA 1.367 (0.955-1.956) 0.088

CVD, cardiovascular disease; CVA, cerebrovascular accident.

Model 1: Adjusted for age, sex, ethnicity/race, smoking status, alcohol consumption, history of cancer at baseline, diabetes mellitus, hypertension, dyslipidemia, and previous CVD events.
Model 2: Adjusted for diabetes mellitus, hypertension, dyslipidemia, and previous CVD events in propensity score-matched data for age, sex, ethnicity/race, smoking status, and
alcohol consumption.
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ASMI

HR (95% CI)

P-value

Primary analysis

Excluding patients with event within the first year

Excluding patients with event within 2 years

Excluding patients with event within 3 years

ASMLI, appendicular skeletal mass index; FMI, fat mass index; CVD, cardiovascular disease; CVA, cerebrovascular accident.
Adjusted for age, sex, ethnicity/race, smoking status, alcohol consumption, history of cancer at baseline, diabetes mellitus, hypertension, dyslipidemia, previous CVD events, and ASMI or FMIL.

HR (95% Cl) P-value
0.856
0.001
(0.802-0.915) <
9857 <0.001
(0.802-0.917)
0.861
<0.001
(0.803-0.922)
.864
040 <0.001

(0.804-0.928)

1.045
(1.021-1.069)

1.040
(1.016-1.065)

1.040
(1.015-1.065)

1.040
(1.015-1.066)

<0.001

0.001

0.001

0.002
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Sarcopenia

p-
HR (95% ClI)

Pri alysi Lota <0.001

rimary analysis 1
ey anays (1328-1.957)

Excluding patients with events within the 1.348 0.152

first year (0.895-2.030) :

Excluding patients with events within 1321 0.199

2 years (0.864-2.020) )

Excluding patients with events within 1.243 0.345

3 years (0.791-1.954) :

Adjusted for age, sex, ethnicity/race, smoking status, alcohol consumption, history of cancer at
baseline, diabetes mellitus, hypertension, dyslipidemia, previous CVD events, and ASMI
or FML
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Exposure Outcome Method Q p- p-

stastistic heterogeneity intercept

Age at Ovarian cyst Inverse 51 -0.09 0.03 0.91 0.001854
first birth variance (0.86-0.96)
weighted
MR Egger 51 -0.20 0.12 0.82 0.101932 65.64 0.056 0.362
(0.64-1.04)
Weighted 51 2009 | 0.04 0.92 0.032656
median (0.85-0.99)
Weighted mode 51 -0.07 0.09 0.93 0.459661
(0.77-1.12)
MR Presso 51 -0.09 0.03 0.91 0.003064 0.057
(0.86-0.97)
Age at Ovarian cyst Inverse 35 0.05 0.01 1.05 0.000008
menopau se variance (1.03-1.08)
weighted
MR Egger 35 0.07 0.03 1.08 0.021477 3548 0.352 0.043
(1.01-1.14)
Weighted 35 0.06 0.02 1.06 0.000468
median (1.02-1.09)
Weighted mode 35 0.06 0.02 1.06 0.022650
(1.01-1.11)
MR Presso 35 0.05 0.01 105 0.000086 0.396
(1.03-1.08)
Age Ovarian cyst Inverse 6 -0.10 0.05 0.91 0.037648
at menarche variance (0.82-0.99)
weighted
MR Egger 6 -0.04 0.23 0.96 0.879696 4.19 0.381 0.798
(0.61-1.52)
Weighted 6 007 0.06 0.93 0.252069
median (0.83-1.05)
Weighted mode 6 -0.05 0.08 0.95 0.550588
(0.82-1.10)
MR Presso 6 -0.10 0.04 0.91 0.074255 0578
(0.83-0.99)
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1. SNPs associated with
exposure P<5*108

vari-ables:SNP1,
SNP2,SNP3,.....SNPs

2.Exclude SNPs in LD (r2>0.001)

3.Exclude SNPs with
F-statistic<10

1.BMl, alcohol, smoke
2.Weight, alcohol, height

2 1. Age at first birth
2. Age at menopause
3. Age at menarche

Qutcom

Ovarian cyst
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Goutalier grade 0-1 1.5-2 25-4
Degree of fat infiltration Normal-Mild Moderate Severe
Age (year) ‘ 50.67 + 10.01 5323 £ 1045 51.06 + 8.30 0.879
Sex (male/female) 22/18 31/23 28/18 0.857
BMI (kg/m?) 2287 £2.71 23.50 + 2.79 23.64 +3.11 0.420
Preoperative symptom 0.656
Radiculopathy 19 27 22
Myelopathy 18 18 17
Radiculopathy and Myelopathy 3 9 7
Operated segment 0.102
C3-C4 9 2 3
C4-C5 6 13 9
C5-Cé 20 33 28
Ce6-C7 5 6 6
Cage height 6.38 + 0.74 6.26 + 0.68 6.30 £ 0.73 0.738
Intraoperative time (minute) 128.50 + 22.96 118.89 + 19.80 126.20 + 2249 0.077
Estimated blood loss (milliliter) 71.75 £ 23.19 77.96 + 26.66 76.30 + 34.47 0.572
T-score | 0.01 + 143 029 + 1.33 0.22 + 1.36 0.602
Cross-sectional area (mm?)
Multifidus 227.13 £ 75.88 222,69 £ 72.74 219.54 + 71.87 0.892
Semispinalis cervicis 31823 £93.51 307.30 £ 97.27 302.72 + 103.53 0.758
Semispinalis capitis 361.15 £ 139.18 349.13 + 14831 338.74 £ 111.55 0.744
Splenius capitis 416.58 + 150.20 402.41 + 138.47 395.26 + 145.58 0.787
Follow-up (month) 18.45 + 6.57 19.44 + 8.87 16.83 + 531 0.196
Implant type 0.941
zero-profile 22 31 27
PCC 18 23 19
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zero-profile PCC group(n=42)

group (n=58)

JOA scores
preoperative | 11.03 + 1.34 10.88 +2.29 0.698
Last 15.62 + 1.44 15.74 £ 140 0.684
follow-up
VAS score
preoperative | 5.86 + 1.12 6.10 + 1.23 0.325
Last
1.72 £ 0.59 1.71 £ 0.60 0.271
follow-up
NDI scores
preoperative | 28.14 + 7.19 2842 £ 701 0.843
Last
11.66 + 5.27 12.44 + 4.69 0.438

follow-up
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zero-profile PCC group

ot group (n=58) (n=42)
C,.7 angle (°)
Preoperative 1041 £7.92 9.39 + 8.57 0.542
1 week 12.67 £7.63 14.67 £ 7.11 0.206
Last 9.60 £ 7.25 12.00 + 7.65 0.113
follow-upA
I A C,; angle 3.07 £ 584 2.56 + 4.86 0.649

FSU angle (°)

Preoperative 112 +1.99 144 + 198 0.346

1 week 3.20 + 1.86 3.67 £ 142 0.173

Last 290 +1.98 3.51 + 1.61 0.088
follow-up

A FSU angle -032+283 -0.15 £ 1.55 0.734
Cz.7 SVA (mm)

Preoperative 19.83 £6.22 18.66 + 6.04 0.351

1 week 2241 +6.90 22.00 + 5.02 0.748

Last 19.53 £ 6.56 20.33 + 4.69 0.499
follow-up

A C,; SVA V 2.88 +8.79 1.68 +£ 0.94 0.378
St-SVA (mm)

Preoperative 28.11+7.17 27.86 + 7.55 0.628

1 week 23.75 +7.67 24.65 + 8.96 0412

Last 2645 +9.42 21.91 + 8.61 0.023*
follow-up

A St-SVA -0.81 + 11.00 2.09 + 13.31 0.236

T, slope (°)

preoperative 26.84 £ 6.88 27.31 + 6.26 0.760

1 week 27.06 + 5.64 26.72 + 6.02 0.774

Last 26.54 + 6.81 27.63 + 6.46 0.421
follow-up

AT, slope 0.51 + 7.05 -0.92 £ 723 0.327

* Indicates statistically significant differences (p<0.05).
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zero-profile PCC

group (n=58) group (n=42)
Fusion rate | 93.10% (54/58) 92.86% (39/42) 1.000
(%,n)
Subsidence 12.07% (7/58) 9.52% (4/42) 0.757
(%,n)
Dysphagia(%,n)
One week | 22.41% (13/58) 47.62% (20/42) 0010
Three 13.79% (8/58) 33.33% (14/42) 0.028*
months
Final 3.45% (2/58) 11.90% (5/42) 0.127
follow-up
ASD (n,%)
Superior | 8.62% (5/58) 14.29% (6/42) 0519
Inferior 15.529% (9/58) 19.05% (8/42) 0.788

*Indicates statistically significant differences (p<0.05).
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zero-profile PCC group
group (GEY)]
(n=80)
Age (year) 51.59 +9.21 52.85 + 11.206 0.164
Sex (male/female) 43/37 38/22 0.301
BMI (kg/mz) 2351 +2.84 23.18 £2.95 0.895
Preoperative symptom 0.749
Radiculopathy 33 27
Myelopathy 37 24
Radiculopathy 10 9
and Myelopathy
Operated segment
C3-C4 7 8
C4-C5 12 9
C5-C6 52 36
C6-C7 9 7
Cage height 6.33 £0.73 6.28 + 0.69 0.531
Intraoperative 119.88 + 18.33 121.83 +20.27 0.274
time (minute)
Estimated blood 72.13 £21.51 75.00 + 27.02 0.468
loss (milliliter)
T-score 022 +1.41 0.15 £ 1.31 0.111
Follow-up (month) 18.60 + 7.37 17.90 + 7.12 0.352





