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Editorial on the Research Topic

Endocrinology, lipids, and disease: unraveling the links
Introduction

The conventional view of lipids as a structural components or energy reservoirs have

recently gained a more dynamic paradigm. Lipids are now a central molecular regulator in

endocrine biology—act as active signaling molecules that profoundly shape hormone synthesis,

secretion, and systemic action. This conceptual shift is at the heart of lipocrinology: the

integration of lipid metabolism with endocrine function. The eighteen contributions assembled

in this Research Topic, Endocrinology, Lipids, and Disease: Unraveling the Links, collectively

advance this perspective, interweaving together key findings from molecular biology, systems-

level pathophysiology, clinical diagnostics, and therapeutic innovation. This Research Topic

moved beyond isolated observations to construct a cohesive, multi-scale narrative of how the

intricate crosstalk between lipids and hormones governs metabolic health and disease.
Foundational mechanisms: from cellular machinery
to systemic networks

At the most fundamental level, endocrine function is dependent on lipid biology. The

mini-review by Aderhold and Alexaki provides a coherent overview of this within the

adrenal gland, illustrating how specific lipids—including cholesterol, diacylglycerol, and

phosphoinositides—are not just substrates but critical regulators of both steroidogenesis in

the cortex and catecholamine exocytosis in the medulla. This work establishes the lipid-

mediated orchestration of hormonal relay as a core cellular process.

Expanding from the cell to the system, the perspective by Łukowski et al. described a

transformative model for type 1 diabetes, a classically defined autoimmune

endocrinopathy. They proposed hypothesis at the Endocannabinoidome-Microbiota
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(ECBoM) axis as a systemic disorder arising from a dysfunctional

interplay between gut dysbiosis, lipid-derived endocannabinoid

signaling, and immune dysregulation. This perspective, which

emphasizes a network-based approach, redirects the cause of the

condition from the pancreatic islet to a more comprehensive

disruption in metabolic and immune balance. It implies that the

autoimmune disorder is a secondary effect resulting from an

imbalance among lipids, microbes, and the immune system on a

systemic level.
Advancing the diagnostic frontier with
integrated biomarkers

A prominent theme emerging from this Research Topic is the

validation of biomarkers by apprehending the functional states of

metabolic dysregulation. The triglyceride-glucose (TyG) index, a

substitute for insulin resistance, is a key example. Zeng et al.

demonstrate its potent predictive value in a cohort of patients

with acute myocardial infarction, showing that a high TyG index

independently predicts the formation of left ventricular aneurysms

and cardiac death. Complementing this, Yan et al. employed

machine learning algorithms on a large NHANES dataset,

identifying the TyG index and its derivatives as the most

powerful predictors of all-cause and cardiovascular mortality

among eight lipid-related indicators in individuals with diabetes

or prediabetes.

This principle of integrated risk assessment extends to other

markers. Zhou et al. reveal that impaired sensitivity to thyroid

hormones, even in euthyroid individuals, is strongly associated with the

severity of metabolic syndrome, highlighting that tissue-level hormone

resistance is a metabolic disruptor. Markers of visceral adiposity also

show significant prognostic power. Pan et al. report a robust, L-shaped

inverse correlation between the Lipid Accumulation Product (LAP)

and osteoporosis in American adults, uncovering a critical lipid-bone

axis. Similarly, work by Ding et al. associates perirenal fat thickness—a

specific visceral fat depot—with hypertension and an elevated 10-year

cardiovascular disease risk, emphasizing the endocrine influence of

ectopic fat on vascular tone. Further illuminating the complexity

of multi-organ damage, Jin et al. (Xue et al.) demonstrate how

Advanced Glycation End Products (AGEs) interact with metrics

like the TyG-BMI index to predict the risk of diabetic nephropathy,

showcasing the synergy between glycation and lipotoxicity in driving

renal disease.
Lipids and hormones in concert:
diverse organ impacts of lipocrinology

The research presented illustrates that disruptions in the lipid-

endocrine axis are not confined to classic metabolic organs but have

far-reaching systemic consequences. In the liver, Meyer et al. uncover a

mechanistic basis for sex differences in metabolic-associated

steatotic liver disease (MASLD). Their preclinical model showed

that female mice are protected from severe liver damage due to
Frontiers in Endocrinology 026
preferential lipid partitioning into adipose tissue, a process

modulated by the differential expression of estrogen receptors

that underscores the powerful influence of the hormonal

milieu on organ-specific disease susceptibility. In reproductive

health, Tu and Fang utilize integrative bioinformatics to link

endometriosis directly to fatty acid metabolism. They identify six

hub genes, including PTGS2 and ACSL4, that resides at the nexus of

lipid metabolism and inflammation, providing a molecular

framework for understanding endometriosis as a metabolic-

inflammatory disease and suggesting novel therapeutic targets.

The systemic reach extends to the neuro-endocrine axis, where

Liu et al. identify shared genetic variants and biological pathways

between obesity and depression, particularly those related to

inflammation and metabolic regulation. This finding points to a

common genetic architecture underlying these frequently co-

occurring conditions. Furthering this connection, Su et al.

reported from a large prospective cohort that sufficient serum 25-

hydroxyvitamin D levels are associated with a nearly 50% lower risk

of sleep disorders in individuals with prediabetes or diabetes,

highlighting the role of this fat-soluble hormone in regulating

central processes beyond calcium homeostasis.
Therapeutic horizons: modulating
lipid-endocrine pathways

Moreover, a deeper mechanistic understanding must translate

into improved therapies. Several articles in this Research Topic

explore interventions that target the lipid-endocrine network. A

study by a separate Leng et al. cohort demonstrates that Ebenatide, a

GLP-1 analogue, not only improves glycemic indices but also

significantly reduces the TyG index and fat mass in patients with

type 2 diabetes, showing the efficacy of hormonal agents in

modifying both glucose and lipid pathways.

The therapeutic potential of natural compounds is also

highlighted. Zong et al. review the evidence for lactoferrin, a

natural protein, as a pleiotropic agent that can alleviate insulin

resistance and inflammation via multiple signaling pathways,

including PI3K/Akt. In a preclinical model of non-alcoholic

steatohepatitis (NASH), Liu et al. showed that active vitamin D3

mitigates liver damage by modulating fatty acid metabolism,

oxidative stress, and inflammation, positioning it as a potent

metabolic regulator. Beyond pharmacology and nutraceuticals,

Zhang et al. present a meta-analysis indicating that acupuncture

can significantly improve glycemic and triglyceride profiles in

patients with T2DM, suggesting that non-drug modalities can

effectively restore lipid-hormonal balance.
Synthesis: embracing complexity and
future directions

The ultimate understanding offered by this Research Topic

highlights the intricate and non-linear characteristics of these

biological systems. The work by Yan et al., for instance, describes
frontiersin.org
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a U-shaped association between serum uric acid and metabolic risk,

challenging simplistic linear assumptions and revealing that both

low and high levels of a metabolite can be associated with pathology.

This reflects the importance of maintaining metabolic homeostasis

within a specific physiological range. The identification of shared

genetic loci for obesity and depression by Tian et al. further

strengthens that these clinical phenotypes are the emergent

properties of embedded, interconnected biological networks.

Taken together, these eighteen articles chart the course of a field

moving decisively toward an integrated, systems-level perspective.

They firmly establish that lipids are not passive molecular integrity

but active endocrine modulators that integrate cellular machinery,

hormonal feedback loops, and systemic networks. The consistent

outperformance of composite biomarkers like the TyG index and

LAP signals a necessary evolution in clinical diagnostics, while

therapeutic successes with agents like GLP-1 analogues and even

non-traditional interventions like acupuncture highlight the

promise of targeting the lipid-endocrine axis directly. This

Research Topic solidifies lipocrinology as an essential conceptual

framework, driving the field toward a more holistic and

summarized approach to understanding the endocrine and

metabolic diseases.
Author contributions

AP: Validation, Formal Analysis, Writing – review & editing,

Conceptualization, Methodology, Writing – original draft, Resources,

Investigation, Supervision. PK: Resources, Visualization, Formal

Analysis, Supervision, Writing – original draft, Conceptualization,

Writing – review & editing, Investigation, Methodology.

MB: Writing – review & editing, Writing – original draft,

Conceptualization, Formal Analysis. DM-W: Conceptualization,

Writing – review & editing, Writing – original draft, Formal
Frontiers in Endocrinology 037
Analysis, Visualization. RK: Writing – original draft, Writing –

review & editing, Conceptualization, Formal Analysis.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

The author(s) declared that they were an editorial board

member of Frontiers, at the time of submission. This had no

impact on the peer review process and the final decision.
Generative AI statement

The author(s) declare that Generative AI was used in the

creation of this manuscript. ChatGPT LLM and Grammarly were

used for rephrasing and grammatical editing.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
frontiersin.org

https://doi.org/10.3389/fendo.2025.1522928
https://doi.org/10.3389/fendo.2025.1687649
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Frontiers in Medicine 01 frontiersin.org

Correlation between ratio of 
fasting blood glucose to high 
density lipoprotein cholesterol in 
serum and non-alcoholic fatty 
liver disease in American adults: a 
population based analysis
Xianjing Jin 2, Jing Xu 3 and Xiaochun Weng 1*
1 Department of Ultrasound, The Second Affiliated Hospital and Yuying Children’s Hospital of 
Wenzhou Medical University, Wenzhou, China, 2 Department of Ultrasound, Wenzhou Yongjia County 
Traditional Chinese Medicine Hospital, Wenzhou, China, 3 Department of Endocrinology, The Second 
Affiliated Hospital and Yuying Children’s Hospital of Wenzhou Medical University, Wenzhou, China

Background: Based on previous research, elevated fasting blood glucose 
(FBG) and decreased high-density lipoprotein cholesterol (HDL-C) levels are 
associated with non-alcoholic fatty liver disease (NAFLD). It is hypothesized that 
the prevalence of NAFLD may be proportional to the FBG-to-HDL-C ratio (GHR).

Methods: In this study, 3,842 participants from the National Health and Nutrition 
Examination Survey (NHANES) (2013–2020) were investigated. Liver steatosis 
was assessed using vibration-controlled transient elastography (VCTE). NAFLD 
was defined as controlled attenuation parameter (CAP) ≥288  dB/m.

Results: After adjusting for race, gender, age, diabetes, BMI, moderate activities, 
uric acid, albumin, ALT, GGT, ALP, total bilirubin and creatinine, multiple logistic 
regression analysis indicated a positive correlation between GHR and the 
prevalence of NAFLD (OR  =  1.22, 95% CI  =  1.17–1.28). Additionally, multiple 
linear regression analysis showed a positive correlation between GHR and the 
severity of liver steatosis according to CA p-values (β =  4.97, 95% CI: 4.28, 5.66). 
According to the subgroup analysis, the correlation was stronger in other race, 
participants at the age <50  years old and those with non-diabetes. In this study, 
a non-linear relationship and saturation effect between GHR and the prevalence 
of NAFLD was also revealed, characterized by an inverted L-shaped curve, with 
an inflection point of 7.443. Finally, the receiver operating characteristic (ROC) 
analysis suggested that the area under the curve (AUC) of GHR (AUC  =  0.731) 
significantly exceeded that of FBG and HDL-C.

Conclusion: Elevated GHR levels are independently associated with the severity 
of liver steatosis and the increased prevalence of NAFLD in American adults.
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fasting blood glucose, fatty liver, obesity, diabetes, dyslipidemia
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Introduction

The prevalence and incidence of NAFLD are increasing worldwide 
(1–4), with rates from 13% in Africa (1) to 42% in Southeast Asia (4). 
In the United States, the prevalence of NAFLD is currently 35.3% (5) 
and continues to increase (4). Due to the increase of prevalence, 
NAFLD is increasingly recognized as a significant factor to liver 
fibrosis, cirrhosis, liver transplantation and hepatocellular carcinoma 
(HCC), resulting in a substantial socioeconomic burden on society (4, 
6) and a rising cause of liver-related mortality globally (3). Therefore, 
it is necessary to discover a cost-effective and efficient biomarker for 
early detection and staging of fatty liver disease (7).

NAFLD has been found to have a strong and reciprocal correlation 
with type 2 diabetes mellitus (T2DM), obesity, hypertension and 
dyslipidemia, serving as a hepatic manifestation of metabolic 
syndrome (MetS) (2, 8). Several studies have demonstrated the 
significant impact of blood glucose in serum on the initiation and 
advancement of NAFLD. Specifically, it has been shown that the 
concentrations of elevated 24 h glucose can increase hepatic de novo 
lipogenesis (DNL) in NAFLD patients (9). Furthermore, HDL-C, 
commonly known as “good cholesterol,” is crucial in binding lipid 
molecules, such as triglyceride (TG) and cholesterol, thereby actively 
contributing to the process of clearing cholesterol and ultimately 
preventing the progression of NAFLD (10). Due to the opposite trend 
between glucose and HDL-C, there is a greater difference in GHR 
between non NAFLD and NAFLD groups, making it a potential 
biomarker for diagnosing NAFLD. To our knowledge, it is the first 
study to report the effectiveness of GHR in the diagnosis of NAFLD.

In this study, the data collected from the NHANES (2013–2020) 
cohort were adopted to examine and evaluate the correlation between 
GHR and the prevalence of NAFLD in American adults.

Materials and methods

Research design and research population

The data analyzed in this study were obtained from NHANES 
(2013–2020), with a stratified, multi-stage probability and complex 
sample of uninstituted population in the United States. The cross-
sectional surveys were conducted by NCHS.

The study focuses exclusively on subjects aged 18 years old and 
above (n = 27,654), among which, 23,812 subjects were excluded: (1) 
those with missing data on FBG, HDL-C or transient elastography 
(TE); (2) those who self-reported high levels of alcohol consumption, 
defined as exceeding 14 drinks for females and 21 drinks for males 
weekly; (3) those with viral hepatitis, severe kidney dysfunction, liver 
diseases caused by drugs. Consequently, 3,842 subjects aged 
18–80 years old were included in the final analysis (Figure 1).

The implementation of NHANES was approved by the Ethics 
Review Board of NCHS, and all subjects have provided the informed 
consent in written (11).

Vibration controlled transient elastography

In the database of NHANES (2013–2020), liver vibration controlled 
transient elastography (VCTE) in participants was measured with the 

FibroScan 502 V2 Touch (Echosens), which was well-suited for studying 
NAFLD, a condition characterized by fatty liver disease. In order to assess 
liver steatosis in patients with fatty liver disease, validated parameters 
such as controlled attenuation parameter (CAP) were adopted (12, 13). 
The VCTE results were considered effectively to follow certain criteria, 
including obtaining at least 10 LSMs after fasting for at least 3 h, and 
interquartile range (IQR)/median less than 30% (14). It is used to 
determine that CAP values (≥288 dB/m) were NAFLD status (15).

Research variables

The following covariates, including ALT, age, BMI, gender, history 
of diabetes, race [non-Hispanic White, non-Hispanic Black, Hispanic 
(American Mexican, and Hispanic other), and other race/multiracial], 
moderate activities, weight, TC, albumin, GGT, creatinine, ALP, 
LDL-C, FBG, HDL-C, total bilirubin, and triglyceride (TG) were 
included. Details of NAFLD and other covariate acquisition process 
were available at www.cdc.gov/nchs/nhanes/.

Statistical analysis

GHR was determined by calculating the ratio of FBG (mmol/L) to 
HDL-C (mmol/L). Continuous data in this analysis were presented as 
weighted mean ± standard deviation (SD). Categorical variables were 
represented as weighted proportions, and subjects were stratified into 
quartiles based on their GHR levels. The differences among the groups 

FIGURE 1

Flowchart of the sample selection from the 2013–2020 NHANES.
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for categorical variables were assessed with the weighted χ2 test, while 
a weighted linear regression model was employed for continuous 
variables. Furthermore, the relationship between GHR and NAFLD 
status was examined with a weighted multivariate logistic regression 
model. In addition, the correlation between GHR and liver steatosis was 
explored through a weighted multivariate linear regression analysis, 
and assessed by liver CAP. The potential impacts of gender, BMI, age, 
moderate activities, diabetes and race on the relationship between GHR 
and NAFLD were examined through subgroup analyses. To identify 
any potential non-linear relationships between GHR and NAFLD 
probabilities, smooth curving fits and generalized additive models were 
utilized. The AUC was calculated through ROC analysis to evaluate the 
diagnostic ability of GHR, FBG and HDL-C for identification of 
NAFLD. Moreover, the statistical significance of the difference between 
two AUC values was assessed by MedCalc version 12.1.4.0 (MedCalc 
software, Belgium). Statistical analyses were performed with 
EmpowerStats software and R, with a significance (p < 0.05).

Results

Baseline characteristics of participants

A total of 3,842 participants aged 18–80 years old were included in 
the study, with a prevalence of NAFLD of 35.2%. The distribution of 
participant characteristics stratified by serum GHR quartiles (Q1: <3.49; 
Q2: 3.49–4.42; Q3: 4.42–5.66; Q4: >5.66) has been presented in Table 1. 
Compared with the bottom quartile, those in the top quartile of GHR 
were more likely to be the elderly and males, with a higher proportion 
of Mexican Americans, a higher prevalence of NAFLD, diabetes, and 
the increased levels of ALT, weight, GGT, BMI, ALP, creatinine, FBG, 
uric acid, TG, and CAP. In contrast, the proportion of moderate 
activities, and the levels of albumin, TC, HDL-C were lower (p < 0.05).

Correlation between GHR and the risk of 
NAFLD

Three weighted multivariate regression models were constructed 
to test the relationship between the prevalence of NAFLD and GHR 
(Table  2). The unadjusted model revealed a positive correlation 
between the levels of GHR and the probabilities of NAFLD [OR = 1.44, 
95% CI: (1.38, 1.50)]. After adjusting for race, gender, age (Model 2), 
diabetes, BMI, moderate activities, uric acid, albumin, ALT, GGT, 
ALP, total bilirubin and creatinine (Model 3), the positive correlation 
was remained in Model 2 [OR = 1.41, 95% CI: (1.35, 1.47)] and Model 
3 [OR = 1.22, 95% CI: (1.17, 1.28)]. Moreover, compared with the 
lowest level of GHR (Q1) in Model 3 (p for trend <0.001), the risk of 
NAFLD in subjects in quartiles 2, 3 and 4 increased by 0.35, 0.96 and 
2.72, respectively. This results indicate that adults with elevated GHR 
are more likely to develop NAFLD than those with reduced GHR.

Correlation between GHR and the severity 
of liver steatosis

A multivariate linear regression analysis was performed between 
CAP and GHR (Table 3). GHR in Model 3 was dramatically and 

positively correlated with the severity of liver steatosis according to 
CAP values (β = 4.97, 95% CI: 4.28, 5.66) (p < 0.001).

Subgroup analysis

The consistency of the correlation between GHR and the 
prevalence of NAFLD across different demographic variables was 
evaluated through subgroup analyses. As displayed in Table 4, the 
results indicate that the positive correlation between GHR and the risk 
of NAFLD remains consistent regardless of BMI, gender, and 
moderate activities (p > 0.05 for all). The correlation between GHR 
and the risk of NAFLD was stronger among other race (OR = 1.42,  
p interaction =0.011), participants with age <50 years old (OR = 1.38, 
p interaction <0.001), and those with non-diabetes (OR = 1.36,  
p interaction <0.001).

Non-linearity and threshold effect analysis 
between GHR and NAFLD

A generalized additive model and smooth curve fittings were 
employed to illustrate the non-linear relationship and saturation effect 
between GHR and NAFLD, as depicted in Figures 2, 3. Among the 
participants, the correlation between GHR and NAFLD displayed an 
inverted L-shaped curve, with inflection points of 7.443 (as Table 5). 
Below the threshold of 7.443, a significant effect value of 1.359 was 
observed, while the value dropped to 1.076 when GHR exceeded 7.443.

ROC analysis

The ROC in Figure  4 and Table  6 presents the diagnostic 
performance of GHR, FBG and HDL-C in identifying NAFLD. The 
AUC for GHR in the ROC analysis was notably higher than that of 
FBG and HDL-C at 0.731 (95% CI: 0.714–0.747), with a sensitivity of 
66.0%, a specificity of 68.8% and a cutoff of 4.73.

Discussion

An elevated GHR demonstrated a significant correlation with the 
prevalence of NAFLD in a large adult population in the United States 
in this cross-sectional study. Through subgroup analyses and 
interaction assessment, a stronger correlation was discovered in other 
race, participants with age <50 years old and those with non-diabetes. 
The analysis revealed an inverted L-shaped relationship between GHR 
and the prevalence of NAFLD, with a notable inflection point at a 
GHR measurement of 7.443. Furthermore, GHR exhibited a superior 
diagnostic accuracy for NAFLD compared to FBG and HDL-C alone.

Numerous studies have shown that glucose stimulates hepatic de 
novo lipogenesis (DNL) by activating carbohydrate-responsive element-
binding protein (ChREBP) (16, 17). Moreover, studies have shown that 
fluctuations in glucose levels contribute to hepatic apoptosis, fibrosis, 
and inflammation by increasing oxidative stress in both in vitro and in 
vivo (18, 19). Conversely, HDL-C has been found to inhibit the retention, 
buildup, and oxidation of LDL-C, thereby exerting a protective effect. 
HDL-C facilitates the removal of dietary cholesterol through the reverse 

10

https://doi.org/10.3389/fmed.2024.1428593
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Jin et al.� 10.3389/fmed.2024.1428593

Frontiers in Medicine 04 frontiersin.org

cholesterol transport pathway and exhibits antioxidant and anti-
inflammatory properties (20). Therefore, a decrease in HDL-C levels 
may lead to impaired cholesterol efflux and antioxidant function, 
potentially contributing to the development of NAFLD (21). Studies 
have demonstrated a strong correlation between low HDL-C levels and 
the severity and progression of NAFLD (22, 23). The combination of 
HDL-C with other biomarkers has shown promising predictive value for 

NAFLD, with the monocyte-to-HDL-C ratio and uric acid-to-HDL-C 
ratio identified as independent predictors of the risk of NAFLD and 
severity (24, 25). Additionally, previous studies have indicated a 
significant correlation between the sdLDL-to-HDL-C ratio and NAFLD 
(26). Guo et al. (27) posited that elevated GHR levels were significantly 
correlated with heightened all-cause mortality among non-diabetic 
individuals with coronary artery disease undergoing percutaneous 

TABLE 1  Weighted characteristics of the study population based on GHR quartiles.

Characteristic Q1 Q2 Q3 Q4 p-value

Number 960 961 963 958

Age, year 48.5 ± 18.4 47.1 ± 18.5 48.8 ± 17.9 53.1 ± 16.4 <0.001

NAFLD, % <0.001

 � Yes 14.2 23.8 36.8 62.4

 � No 85.8 76.2 63.2 37.6

Sex, % <0.001

 � Male 27.4 43.5 56.8 65.7

 � Female 72.6 56.5 43.2 34.3

Race, % <0.001

 � Mexican American 9.5 14.2 15.5 17.9

 � Other Hispanic 8.8 9.0 12.0 11.9

 � Non-Hispanic White 37.8 32.4 37.1 37.1

 � Non-Hispanic Black 26.7 25.8 19.8 17.1

 � Other Race 17.2 18.5 15.6 16.0

Moderate activities, % <0.001

 � Yes 47.6 41.2 38.5 34.5

 � No 52.4 58.8 61.5 65.5

Diabetes <0.001

 � Yes 3.8 5.7 10.6 38.1

 � No 96.2 94.3 89.4 61.9

Weight, kg 71.4 ± 17.7 79.8 ± 21.3 86.9 ± 21.3 94.6 ± 24.2 <0.001

BMI, kg/m2 26.2 ± 5.9 28.8 ± 7.5 30.8 ± 7.1 33.2 ± 7.8 <0.001

GHR 2.89 ± 0.45 3.95 ± 0.27 5.00 ± 0.35 8.12 ± 3.41 <0.001

Albumin, g/dL 4.05 ± 0.34 4.04 ± 0.33 4.03 ± 0.33 3.99 ± 0.33 <0.001

ALT, U/L 19.5 ± 28.7 19.1 ± 11.5 22.8 ± 15.4 28.0 ± 21.5 <0.001

GGT, IU/L 29.2 ± 48.9 29.5 ± 83.1 29.9 ± 29.2 39.4 ± 47.9 <0.001

ALP, IU/L 72.7 ± 25.2 76.5 ± 22.9 78.7 ± 23.5 84.3 ± 29.8 <0.001

Total bilirubin, μmol/L 8.6 ± 5.0 8.2 ± 5.0 8.4 ± 4.7 8.4 ± 5.0 <0.001

Creatinine, mmol/L 74.1 ± 26.2 77.1 ± 36.6 80.7 ± 43.0 82.2 ± 47.0 <0.001

Uric acid, μmol/L 290.9 ± 77.7 313.3 ± 80.3 340.7 ± 80.4 353.8 ± 91.0 <0.001

FPG, mmol/L 5.3 ± 0.5 5.6 ± 0.6 6.0 ± 0.8 8.2 ± 3.3 <0.001

TC, mmol/L, mmol/L 4.98 ± 0.98 4.76 ± 1.03 4.69 ± 1.03 4.54 ± 1.12 <0.001

TG, mmol/L 0.94 ± 0.42 1.16 ± 0.58 1.44 ± 0.73 2.05 ± 1.84 <0.001

LDL-C, mmol/L 2.72 ± 0.86 2.86 ± 0.90 2.90 ± 0.90 2.71 ± 0.97 0.059

HDL-C, mmol/L 1.89 ± 0.38 1.43 ± 0.16 1.20 ± 0.17 1.02 ± 0.21 <0.001

CAP, dB/m 231.2 ± 54.3 249.3 ± 55.8 271.6 ± 58.1 304.4 ± 58.7 <0.001

Values are mean ± SD or number (%). p < 0.05 was deemed significant. BMI, body mass index; AC, arm circumference; HbA1c, glycosylated hemoglobin; TC, total cholesterol; TG, 
triglyceride; HDL-c, high density lipoprotein cholesterol; LDL-c, low density lipoprotein cholesterol; ALT, alanine aminotransferase; GGT, gamma-glutamyl transpeptidase; ALP, alkaline 
phosphatase; LSM, liver stiffness measurements; CAP, controlled attenuation parameter.
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coronary intervention. So far, it is the first study to assess the relationship 
between GHR and NAFLD. The study revealed a significant correlation 
between elevated GHR levels and an increased prevalence of NAFLD in 
American adults, suggesting the potential importance of further 
exploration into the role of GHR in health outcomes.

Analyses on ROC revealed that GHR demonstrated the superior 
predictive utility for NAFLD compared to single biomarkers such as 
FBG and HDL-C. GHR may serve as a more effective indicator for 
clinical adjunct diagnosis of NAFLD due to the divergent trends 
observed in FBG and the levels of HDL-C. Additional research was 
warranted to investigate potential correlations between GHR and 
other metabolic conditions, such as hypertension, insulin resistance, 
and cardiovascular risk.

The findings suggest a notably stronger correlation between GHR 
and the prevalence of NAFLD among individuals under 50 years old 

and those with non-diabetes. As individuals ageing, body composition, 
metabolism, and the presence of coexisting diseases undergo changes 
(28–30). Additionally, dietary irregularities and insufficient exercise 
in young individuals can lead to excessive fat accumulation, potentially 
influencing GHR (31). Importantly, NAFLD is often overlooked for 
the aforementioned population. Therefore, GHR should be considered 
as an important factor for identifying NAFLD, especially for the 
aforementioned population.

Additionally, the study revealed an inverted L-shaped correlation 
between GHR and NAFLD, with the inflection point of 7.443. The 
discrepancy in the correlation between GHR and NAFLD on either 
side of the inflection point may be attributed to the influence of other 
variables. Analysis on Supplementary Table S1 indicated that 
individuals with GHR ≥7.443 exhibited higher levels or proportions 
than those with GHR <7.443 in male gender, BMI, weight, FBG, ALT, 
GGT, ALP, creatinine, uric acid and TG. However, abnormalities in 
these indicators were closely linked to NAFLD (32–34). When the 
level of GHR exceeded 7.443, the impact of GHR on NAFLD was 
found to be relatively weak, likely due to the presence of other risk 
factors for NAFLD. The study underscores the importance of 
targeting GHR levels in clinical interventions aimed at preventing 
NAFLD, with a particular emphasis on maintaining GHR levels 
below 7.443. Lower GHR levels below the threshold may significantly 
reduce the risk of NAFLD. This inflection point can serve as novel 
evidence supporting the management of GHR.

TABLE 2  Association between GHR and NAFLD status in logistic 
regression analysis.

Model 1 OR 
(95% CI)  
p-value

Model 2 OR 
(95% CI)  
p-value

Model 3 OR 
(95% CI)  
p-value

GHR 1.44 (1.38, 1.50), 

<0.001

1.41 (1.35, 1.47), 

<0.001

1.22 (1.17, 1.28), 

<0.001

AC (Quartile)

Q1 Reference Reference Reference

Q2 1.87 (1.48, 2.35), 

<0.001

1.90 (1.51, 2.40), 

<0.001

1.35 (1.05, 1.75), 

0.022

Q3 3.55 (2.85, 4.42), 

<0.001

3.55 (2.83, 4.45), 

<0.001

1.96 (1.52, 2.52), 

<0.001

Q4 9.41 (7.55, 11.73), 

<0.001

8.95 (7.12, 11.24), 

<0.001

3.72 (2.86, 4.84), 

<0.001

p for trend <0.001 <0.001 <0.001

Model 1: None covariates were adjusted. Model 2: Gender, age and race were adjusted. Model 
3: Gender, age, race, diabetes, moderate activities, BMI, albumin, uric acid, ALT, GGT, ALP, 
total bilirubin, creatinine.

TABLE 3  Associations between GHR and CAP value in linear regression 
analysis.

Model 1 β 
(95% CI)  
p-value

Model 2 β 
(95% CI)  
p-value

Model 3 β 
(95% CI)  
p-value

GHR 9.31 (8.60, 10.01), 

<0.001

8.60 (7.89, 9.32), 

<0.001

4.97 (4.28, 5.66), 

<0.001

GHR (Quartile)

Q1 Reference Reference Reference

Q2 18.10 (13.02, 

23.18), 0.001

18.69 (13.66, 

23.71), <0.001

7.44 (2.97, 11.91), 

<0.001

Q3 40.45 (35.38, 

45.53), <0.001

39.85 (34.75, 

44.95), <0.001

18.19 (13.51, 

22.87), <0.001

Q4 73.18 (68.09, 

78.26), <0.001

70.01 (64.82, 

75.20), <0.001

36.79 (31.69, 

41.89), <0.001

p for trend <0.001 <0.001 <0.001

Model 1: None covariates were adjusted. Model 2: Gender, age and race were adjusted. Model 
3: Gender, age, race, diabetes, moderate activities, BMI, albumin, uric acid, ALT, GGT, ALP, 
total bilirubin, creatinine.

TABLE 4  Association between GHR and NAFLD stratified by gender, age, 
race, diabetes, moderate activities and BMI.

OR (95% CI) 
p-value

p for 
interaction

Stratified by gender 0.204

 � Male 1.17 (1.11–1.23), <0.001

 � Female 1.29 (1.20–1.38), <0.001

Stratified by race 0.011

 � Mexican American 1.24 (1.10, 1.39), <0.001

 � Other Hispanic 1.16 (1.04, 1.29), 0.009

 � Non-Hispanic White 1.25 (1.15, 1.37), <0.001

 � Non-Hispanic Black 1.10 (1.02, 1.19), 0.016

 � Other Race 1.42 (1.26, 1.60), <0.001

Stratified by age <0.001

 � Age <50 years old 1.38 (1.27, 1.50), <0.001

 � Age ≥50 years old 1.17 (1.11, 1.22), <0.001

Stratified by BMI 0.139

 � BMI <30 kg/m2 1.31 (1.23, 1.39), <0.001

 � BMI ≥30 kg/m2 1.19 (1.12, 1.26), <0.001

Stratified by diabetes <0.001

 � Non-diabetes 1.36 (1.27, 1.46), <0.001

 � Diabetes 1.09 (1.03, 1.16), 0.002

Stratified by moderate activities 0.126

 � No 1.20 (1.14, 1.27), <0.001

 � Yes 1.27 (1.18, 1.37), <0.001

Gender, age, BMI, race, moderate activities, diabetes (not adjusted for in the subgroup 
analyses), albumin, uric acid, ALT, GGT, ALP, total bilirubin, creatinine were adjusted.
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FIGURE 2

The smooth curve fit for the association between GHR and prevalence of NAFLD. Solid redline represents the smooth curve fit between variables. Blue 
bands represent the 95% of confidence interval from the fit. Adjusted for: race, gender, age, diabetes, BMI, moderate activities, uric acid, albumin, ALT, 
GGT, ALP, total bilirubin and creatinine.

FIGURE 3

Subgroups analysis for the association between GHR and prevalence of NAFLD by gender, BMI, race, age, diabetes, moderate activities. Adjusted for: 
race, gender, age, diabetes, BMI, moderate activities, uric acid, albumin, ALT, GGT, ALP, total bilirubin and creatinine.

Notably, the study benefits from a large sample size and the 
national representativeness of Americans. In addition, various 
indicators in the model were adjusted to enhance the reliability of the 
findings. Nonetheless, this study is subject to certain limitations. 
Firstly, the establishment of a causal relationship between GHR and 

NAFLD was not feasible through cross-sectional studies. Secondly, the 
diagnosis of NAFLD relied on CAP values rather than the gold 
standard liver biopsy. Thirdly, the study was restricted to American 
adults, necessitating further prospective cohort research to validate 
and generalize the present results in a broader population.
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Conclusion

In summary, elevated GHR was found to be  independently 
associated with an increased risk of NAFLD and the severity of liver 
steatosis in a sizable cohort of American adults. This correlation was 
particularly pronounced among individuals of other races, those 
under 50 years old, and those without diabetes. These findings 
underscore the potential utility of GHR as a biomarker for identifying 
individuals at the heightened risk for NAFLD, thereby facilitating 
early detection and intervention strategies for this common 
liver disorder.
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TABLE 5  Threshold effect analysis of GHR on NAFLD using the two-
piecewise linear regression model.

GHR Adjusted OR (95% CI)  
p-value

Fitting by the standard linear model 1.218 (1.164, 1.274), <0.001

Fitting by the two-piecewise linear model

Inflection point 7.443

GHR <7.443 1.359 (1.267, 1.457), <0.001

GHR >7.443 1.076 (1.005, 1.153), 0.0348

Log likelihood ratio <0.001

FIGURE 4

Receiver operating characteristic curves of GHR to identify NAFLD.

TABLE 6  The AUC for each index to discriminate NAFLD.

AUC 95% 
CI

Cutoff 
value

Sensitivity Specificity

GHRa,b 0.731 0.714–

0.747

4.727 0.660 0.688

FBGb 0.715 0.698–

0.732

5.855 0.639 0.690

HDL-C 0.676 0.658–

0.694

1.205 0.659 0.688

aIndicates a significant difference as compared to FBG.
bIndicates a significant difference as compared to HDL-C.
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Association of triglyceride-
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Chinese elderly: a retrospective
cohort study
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Wencan Wu1, Yufang Cui1, Yulin Cheng1 and Songhe Shi1*

1Department of Epidemiology and Health Statistics, College of Public Health, Zhengzhou University,
Zhengzhou, Henan, China, 2Department of Orthopedics, Hongxing Hospital, 13th Division, Xinjiang
Production and Construction Corps, Hami, Xinjiang, China, 3Department of Epidemiology and Health
Statistics, College of Public Health and Management, Wenzhou Medical University, Wenzhou,
Zhejiang, China
Background: The impact of baseline triglyceride-glucose (TyG) index and

abnormal low or high-density lipoprotein cholesterol (LDL-C or HDL-C) levels

on all-cause and cardiovascular disease (CVD) mortality remains unclear. This

study aimed to investigate the relationship between TyG index and LDL-C or

HDL-C and all-cause and CVD mortality.

Methods: This retrospective cohort study analyzed data from health

examinations of 69,068 older adults aged ≥60 in Xinzheng City, Henan

Province, China, between January 2013 and January 2023. Cox proportional

risk regression models were used to estimate the hazard ratio (HR) and 95%

confidence interval (CI) of the TyG index and LDL-C or HDL-C about all-cause

and CVD mortality. Restricted cubic spline was used to assess the dose-

response relationship.

Results: During 400,094 person-years of follow-up (median follow-up 5.8 years

[interquartile range 3.0-9.12]), 13,664 deaths were recorded, of which 7,045 were

due to CVD. Compared with participants in the second quartile of the TyG index,

participants in the fourth quartile had a 16% increased risk of all-cause mortality

(HR: 1.16, 95% CI: 1.12,1.22), and an 8% increased risk of CVD mortality (HR: 1.08,

95% CI: 1.01,1.16). Similar results were observed in LDL-C and HDL-C, with all-

cause and CVD mortality risks for participants in the fourth quartile compared

with participants in the third quartile for LDL-C of (HR: 1.07, 95% CI: 1.02,1.12) and

(HR: 1.09, 95% CI: 1.01,1.17), respectively. The risk of all-cause and CVD mortality

in participants in the fourth quartile group compared with those in the second

HDL-C quartile group was (HR: 1.10, 95% CI: 1.05,1.16) and (HR: 1.11, 95% CI:

1.04,1.18), respectively. We found that the TyG index was nonlinearly associated

with all-cause and CVD mortality (P non-linear <0.05), and LDL-C was

nonlinearly associated with all-cause mortality (P non-linear <0.05) but linearly
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associated with CVD mortality (P non-linear >0.05). HDL-C, on the other hand,

was in contrast to LDL-C, which showed a non-linear association with CVD

mortality. We did not observe a significant interaction between TyG index and

LDL-C or HDL-C (P >0.05).

Conclusion: TyG index and LDL-C or HDL-C increased the risk of all-cause and

CVD mortality, especially a high TyG index combined with abnormal LDL-C.
KEYWORDS

triglyceride-glucose index, low density lipoprotein cholesterol, high density lipoprotein
cholesterol, all-cause mortality, cardiovascular disease mortality
1 Background

Cardiovascular diseases (CVD) are the major cause of death and

premature mortality in China (1, 2). The burden of CVD continues

to increase annually, with approximately 330 million CVD patients

in China. CVD is attributable to 2 out of every 5 deaths in China (3).

The Global Burden of Disease (GBD) Study reports that the total

prevalence of CVD worldwide has increased from 271 million in

1990 to 523 million in 2019. Additionally, the number of deaths has

increased from 12.1 million to 18.6 million, and this trend is

continuing (4).

Insulin resistance (IR), physiologically defined as a state of

reduced responsiveness of insulin-targeted tissues to high

physiologic insulin levels, is recognized as a causative driver of

many modern diseases, including metabolic syndrome (Mts), type 2

diabetes mellitus (T2DM), and CVD complications (5). The main

factors contributing to the development of IR are increased

oxidative stress, hyperglycemia, and elevated lipid levels (6).

Although advances have been made in therapies to help control

blood glucose levels, CVD complications remain a major cause of

morbidity and mortality in this population (7). The Homeostasis

Model Assessment of Insulin Resistance (HOMA-IR) is the most

widely used surrogate indicator of IR but has limitations due to its

complexity and cost, and it cannot be used in populations receiving

insulin therapy (7). The triglyceride glucose (TyG) index is a low-
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cost and convenient tool for assessing IR in diabetic and non-

diabetic patients (8, 9). Using HIEC and HOMA-IR as reference

methods, the diagnostic accuracy of the TyG index in identifying IR

has been tested in several studies. The highest sensitivity for HIEC

was 96% and the highest specificity for HOMA-IR was 99% (8). The

TyG index has also shown good performance in the estimation of IR

in diabetic and non-diabetic patients compared to HOMA-IR (8).

In addition, the TyG index does not require insulin quantification

and can be used in all people, regardless of their insulin therapy

status (9). However, fewer studies have been conducted on the

association between the TyG index and CVD mortality.

IR not only makes individuals susceptible to CVD, it also

enhances the effects of dyslipidemia (10). Dyslipidemia, mainly

low or high-density lipoprotein cholesterol (LDL-C or HDL-C) in

the abnormal range, is considered one of the major risk factors for

CVD (11). Previous epidemiological studies have suggested that a

higher TyG index is an important risk factor for all-cause and, in

particular, CVD mortality (12, 13). However, these studies were all

conducted in the general population. Furthermore, while a causal

association between LDL-C and CVD mortality has been

demonstrated (14), there are conflicting results regarding the

relationship between HDL-C and CVD mortality. For example,

some studies have suggested that higher HDL-C may be a better

preventive factor for CVD (15), while others have found that high

HDL-C levels are associated with an increased risk of CVD (16).

Some studies have suggested a U-shaped pattern of all-cause and

CVD mortality associated with LDL-C (17, 18), with some studies

showing a linear relationship (19). It is also worth noting that there

is limited research on the effect of the interaction between the TyG

index and LDL-C or HDL-C on mortality risk.

To our knowledge, over the past 20-30 years, the health status of

China’s total population has improved dramatically, with a

significant increase in life expectancy, which has also meant a

rapid and sustained increase in the aging population. Aging is

considered to be an immutable factor that cannot be analyzed as a

major influencing factor, so studies focusing on the elderly

population are crucial. At the same time, the elderly are at high

risk for CVD (20). Therefore, we wanted to explore the relationship
frontiersin.org
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between TyG index and LDL-C or HDL-C with all-cause and CVD

mortality and to investigate the interaction between TyG index and

LDL-C or HDL-C on risk in the elderly population.
2 Methods

2.1 Study design and population

The data analyzed were obtained from the Resident Health

Examinations Database of Xinzheng City, Henan Province, Central

China, which is a large-scale cohort study of older adults aged 60

years and older conducted by the Centers for Disease Control

(CDC) and Prevention of Xinzheng City and contains

sociodemographic and mortality information on the population

of Xinzheng City. Since January 1, 2011, Xinzheng City has been

providing free annual health examinations to senior citizens aged 60

and older. At the initial examination, the physician creates a health

profile for each resident, which includes basic demographic

information (age, gender, marital status, etc.), blood indicators

(fasting plasma glucose (FPG), triglycerides (TG), total cholesterol

(TC), etc.), urinalysis, eye examination, chest X-ray, and other

functions. For this study, we obtained follow-up information

from 2013 to 2023 from a total of 56,069 eligible older adults.

The Framingham study revealed that premature development of

CVD in first-degree relatives, such as parents or siblings, is

associated with an elevated risk of subsequent development in the

offspring. The presence of genetic factors may lead to the

occurrence of heart disease, stroke, heart failure, and other

serious illnesses (serious mental illness and cancer) in several
Frontiers in Endocrinology 0318
family members (21). Consequently, individuals with a family

history of CVD such as coronary heart disease (CHD), stroke,

and myocardial infarction (MI) at the start of the study were

excluded. Participants with any of the following were excluded:

(1) Exclude participants with a family history of CVD (n=550); (2)

Exclude those with missing FPG, TG, TC, LDL-C, and HDL-C at

baseline (n=1066); (3) Exclude those with missing one or more of

the covariates of smoking, alcohol consumption, physical activity,

waist circumference (WC), body mass index (BMI) at baseline

(n=281); (4) Exclude participants with serious illnesses, including

serious mental illness and cancer (n=685); and (5) Exclude

participants with no follow-up records (n=2004). The process of

screening the data is presented in Figure 1.
2.2 Statement

The study was approved by the Ethics Committee of Zhengzhou

University (ID: ZZUIRB2019-019), and the research team obtained

permission to use the data from the Zhengzhou Health

Commission. All studies were conducted by the Declaration of

Helsinki, and informed consent was obtained from all participants

or their legal guardians.
2.3 Data collection

Standardized questionnaires were administered by trained

researchers, and participants completed a questionnaire on

sociodemographic characteristics, personal disease history, and
FIGURE 1

Flow chart of study participants.
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lifestyle information at each health examination. Sociodemographic

information included participants’ age, gender (male/female), and

marital status (married/unmarried/widowed/divorced); disease

history information included hypertension (yes/no), T2DM (yes/

no), CHD (yes/no), stroke (yes/no) and cancer (yes/no). Lifestyle

information included smoking status (never/ever/current), drinking

status (never/occasional/more than once a week/daily), and physical

activity status (never/occasional/more than once a week/daily).

Current smoking was defined as having smoked more than 100

cigarettes in a lifetime and currently smoking (22). Alcohol

consumption is defined as drinking more than 30 grams of alcohol

in a single sitting, and more than 30 gram of alcohol per day is

considered to be alcohol consumption for the day (23). Regular

exercise is defined as 30 minutes of moderate-intensity exercise or 20

minutes of vigorous-intensity exercise three or more times per week

(24). Participants’ height, weight, blood lipids, WC, FPG, systolic

blood pressure (SBP), diastolic blood pressure (DBP), and resting

heart rate (RHR) were measured by trained health professionals.

Blood samples taken after participants fasted for 8 hours were used to

measure FPG and blood lipids. Blood pressure (BP) was measured

using an electronic sphygmomanometer (Omron HEM-7125, Kyoto,

Japan). The subjects were instructed to rest quietly for five minutes in

a standard supine position. Twomeasurements of SBP and DBP were

then taken in the right brachial artery, with an interval of 30 minutes

between each measurement. The average level was taken as the result

of the BP measurements. Hypertension was defined as SBP ≥140

mmHg and DBP ≥90 mmHg or the use of antihypertensive

medication (25). T2DM was defined as FPG ≥7.0 mmol/L or use of

insulin or oral hypoglycemic agents, or a self-reported history of

T2DM diagnosis (26). BMI was calculated as weight (kilograms)

divided by the square of height (meters). A scoring scale consistent

with Chinese body mass was used. The TyG index, calculated as TyG

index = ln [Fasting TG (mg/dl) × FPG (mg/dl)]/2, is a composite

indicator composed of TG and FPG levels (27). The diagnostic

criteria for abnormal LDL-C is a level of greater than 130 mg/dl,

and for HDL-C, a level of less than 40 mg/dl for men or less than 50

mg/dl for women is considered abnormal (28).
2.4 Outcomes

The outcome of interest was all-cause and CVD mortality. We

defined CVD as a composite of CHD and stroke. Mortality causes

were recorded using the international Classification of Diseases

(ICD-10) codes. The study utilized ICD-10 codes I20-I25 for CHD

and ICD-10 codes I60-I69 for stroke. All-cause mortality was

defined as deaths resulting from any cause, while CVD mortality

was defined as deaths resulting from either CHD or stroke.
2.5 Statistical analysis

Baseline characteristics of participants were presented based on

their grouping by all-cause or CVD mortality, and the Kolmogorov-

Smirnov test was used to verify the normal distribution of the data.

Continuous variables that followed a normal distribution were
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described as mean (standard deviation), while non-normal variables

were described as median (interquartile range). Descriptive variables

were presented as frequencies and percentages. To compare baseline

characteristics, categorical variables were analyzed using the Pearson

chi-square test and continuous variables were analyzed using the

Kruskal-Wallis H test.

Cox proportional risk regression models were used to estimate

the hazard ratio (HR) and 95% confidence interval (CI) of the TyG

index, LDL-C, and HDL-C for all-cause or CVD mortality. Model 1

was not adjusted, while model 2 was adjusted for age and gender at

baseline. Finally, model 3 was adjusted for marital status, smoking,

alcohol consumption, physical activity, SBP, DBP, BMI, WC,

history of T2DM, and history of hypertension, based on model 2.

Restricted cubic spline plots were used to characterize the dose-

response associations and to examine potential linear or non-linear

associations between the TyG index, LDL-C, and HDL-C as

continuous variables, and all-cause or CVD mortality. The three

nodes of the cubic spline curve were set at the 10th, 50th, and 90th

percentiles, respectively. The overall association was initially

assessed for significance, and if significant, the results of the

linear and non-linear tests were examined. A significance level of

P <0.05 was reached for both the overall association test, which

indicated that the overall association was significant, and a non-

linear level of P <0.05, which indicated the presence of a non-

linear association.

Thresholds were estimated by testing all possible values and

selecting the threshold point with the highest likelihood.

Additionally, a two-segment Cox proportional risk model was

used to examine the relationship between TyG index, LDL-C or

HDL-C, and the risk of all-cause or CVD mortality on both sides of

the inflection point.

In subgroup analyses, participants were stratified based on

gender (male/female), and age (<65/≥65) at baseline to test for

differences in outcomes across subgroups. To test the robustness of

the current study, we performed a sensitivity analysis. Participants

with less than two years of follow-up were excluded from the

principal component analysis.

Statistical analyses were conducted using R software, version

4.1.3. All P-values were 2-sided and a P < 0.05 was considered

statistically significant unless otherwise stated.
3 Result

3.1 Baseline characteristics
of study participants

Table 1 shows baseline characteristics for all participants. The

baseline data were analyzed for 69,068 older participants (median age

65 years [interquartile range 61-71]). During the 400,094 person-year

follow-up period (median follow-up time 5.8 years [interquartile

range 3.0-9.12]), 13664 deaths were recorded, of which 7045 were due

to CVD. During the follow-up period, individuals who died were

more likely to be male, had no spouse, were less physically active,

were former or current smokers, drank alcohol daily, had lower

weight,WC, BMI, TyG index, TC, TG, LDL-C, and higher RHR, SBP,
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TABLE 1 Baseline characteristics of the study population stratified by outcome.

Variables All-cause mortality P value Cardiovascular disease mortality P value

No(n=55,547) Yes(n=13,521) No(n=23,569) Yes(n=6,975)

Age, years 65.61 (5.66) 73.29 (7.93) < 0.001 66.70 (5.79) 73.11 (7.46) < 0.001

Gender, % < 0.001 < 0.001

Male 25781 (46.41) 7318 (54.12) 9643 (40.91) 3632 (52.07)

Female 29766 (53.59) 6203 (45.88) 13926 (59.09) 3343 (47.93)

Marital status, % < 0.001 < 0.001

married 45274 (81.51) 8716 (64.46) 18428 (78.19) 4561 (65.39)

unmarried 808 (1.45) 367 (2.71) 373 (1.22) 139 (1.99)

widowed 9147 (16.47) 4340 (32.10) 7025 (23.00) 2236 (32.06)

divorced 318 (0.57) 98 (0.72) 157 (0.51) 39 (0.56)

Weight, kg 63.19 (10.10) 60.75 (10.64) < 0.001 62.94 (10.33) 60.76 (10.76) < 0.001

WC, cm 85.42 (9.72) 84.08 (10.36) < 0.001 85.87 (10.05) 84.85 (10.50) < 0.001

Physical exercise, % < 0.001 0.033

Highly active 12479 (22.47) 2870 (21.23) 5879 (24.94) 1628 (23.34)

Sufficiently active 2456 (4.42) 622 (4.60) 1069 (4.54) 319 (4.57)

Insufficiently active 2828 (5.09) 841 (6.22) 1407 (5.97) 453 (6.49)

Inactive 37784 (68.02) 9188 (67.95) 15214 (64.55) 4575 (65.59)

Smoking, % < 0.001 < 0.001

Never smoker 46042 (82.89) 11017 (81.48) 19677 (83.49) 5638 (80.83)

Former smoker 1472 (2.65) 522 (3.86) 736 (3.12) 297 (4.26)

Current smoker 8033 (14.46) 1982 (14.66) 3156 (13.39) 1040 (14.91)

Drinking, % < 0.001 0.02

Never 51019 (91.85) 12480 (92.30) 21675 (91.96) 6407 (91.86)

Once in a while 2820 (5.08) 590 (4.36) 1128 (4.79) 323 (4.63)

More than once a week 637 (1.15) 117 (0.87) 252 (1.07) 57 (0.82)

Every day 1071 (1.93) 334 (2.47) 514 (2.18) 188 (2.70)

RHR, beats/min 72.49 (10.65) 74.26 (13.56) < 0.001 72.48 (9.83) 74.09 (13.20) < 0.001

SBP, mmHg 134.06 (19.44) 137.18 (21.39) < 0.001 135.43 (19.96) 138.26 (21.76) < 0.001

DBP, mmHg 79.97 (10.78) 80.04 (11.38) 0.528 79.97 (11.00) 80.20 (11.66) 0.179

TC, mmol/L 4.71 [4.13, 5.35] 4.69 [4.10, 5.30] < 0.001 4.80 [4.20, 5.43] 4.74 [4.14, 5.39] 0.001

TG, mmol/L 1.24 [0.89, 1.65] 1.20 [0.87, 1.55] < 0.001 1.27 [0.91, 1.69] 1.22 [0.89, 1.60] < 0.001

LDL-C, mmol/L 2.77 [2.26, 3.26] 2.70 [2.20, 3.20] < 0.001 2.90 [2.33, 3.40] 2.62 [2.15, 3.10] < 0.001

HDL-C, mmol/L 1.31 [1.10, 1.60] 1.32 [1.10, 1.63] < 0.001 1.30 [1.08, 1.59] 1.31 [1.09, 1.62] 0.002

BMI, kg/m2 24.79 (5.36) 24.08 (3.51) < 0.001 24.95 (3.46) 24.25 (3.59) < 0.001

TyG index 8.58 (0.61) 8.55 (0.62) < 0.001 8.61 (0.61) 8.58 (0.62) < 0.001

Hypertension, % 33021 (59.45) 8981 (66.42) < 0.001 15910 (67.50) 4941 (70.84) < 0.001

T2DM, % 12535 (22.57) 3467 (25.64) < 0.001 6244 (26.49) 1948 (27.93) 0.018
F
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Data are presented as number (percentage), mean (SD), or median [interquartile range].
BMI, body mass index; DBP, diastolic blood pressure; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; RHR, resting heart rate; SBP, systolic blood
pressure; TC, total cholesterol; TG, triglyceride; TyG, triglyceride glucose; T2DM, type 2 diabetes mellitus; WC, Waist circumference.
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DBP, HDL-C, and were more likely to have hypertension and T2DM.

Similarly, individuals who died from CVD had similar baseline

characteristics. In addition, according to the TyG index, LDL-C,

and HDL-C, there were significant differences between the four

groups in terms of age, gender, marital status, WC, BMI, smoking,

alcohol consumption, physical activity, TC, TG, hypertension, and

T2DM (Supplementary Tables S1-S3).
3.2 Association of TyG index and LDL-C or
HDL-C with all-cause and CVD mortality

After adjusting for covariates such as age, gender, marital status,

physical activity, smoking, alcohol consumption, BMI, WC,

hypertension, and T2DM, Cox proportional risk analyses showed

that the multivariate-adjusted HR (95% CI) for all-cause mortality

in the first, third, and fourth quartiles of the TyG index compared

with the second quartile were 1.03 (0.99,1.09), 1.05 (1.01,1.10), and

1.16 (1.12,1.22), and the multivariable-adjusted HR (95% CI) for

CVD mortality was 1.13 (1.06,1.21), 1.02 (0.96,1.09), and 1.08

(1.01,1.16), respectively.

At the same time, the risk of all-cause and CVD mortality

increased significantly with increasing quartiles of LDL-C and HDL-

C. Compared with the third quartile of the LDL-C, the multivariable-

adjusted HR (95% CI) for all-cause mortality in the first, second, and

fourth quartiles of LDL-C was 0.96 (0.92,1.01), 0.99 (0.94,1.03), and

1.07 (1.02,1.12), and that for CVDmortality was were 0.94 (0.88,1.00),

0.96 (0.90,1.03), and 1.09 (1.01,1.17), respectively. Compared with the

second quartile of the HDL-C, the multivariable-adjusted HR (95%

CI) for all-cause mortality in the first, third, and fourth quartiles of

HDL-C was 0.97 (0.93,1.02), 1.01 (0.97,1.06), and 1.10 (1.05,1.16), and

that for CVDmortality was were 0.95 (0.89,1.01), 1.07 (1.01,1.15), and

1.11 (1.04,1.18), respectively. In models 2 and 3, LDL-C and HDL-C

were associated with an increasing trend in all-cause and CVD

mortality (Table 2, P for trend all <0.001).

Cox proportional risk regression models with restricted cubic

spline were used to estimate the dose-response relationships of TyG

index, LDL-C, and HDL-C with all-cause and CVD mortality. The

three nodes of the cubic spline curve were set at the 10th, 50th, and

90th percentiles, respectively. The results showed non-linear

associations between TyG index and all-cause (Figure 2A, P non-linear

<0.001) and CVD mortality (Figure 2D, P non-linear <0.001) after

adjusting for covariates in model 3. The study found J-shaped

associations between both LDL-C and all-cause mortality (Figure 2B,

P non-linear <0.05) and HDL-C and CVD mortality (Figure 2F, P non-

linear <0.05). However, no non-linear associations were found between

LDL-C and all-cause mortality, and HDL-C and CVD mortality

(Figures 2C, E, all P non-linear >0.05). It is important to note that the

TyG index and CVD mortality had a U-shaped association.

The inflection points of TyG index, LDL-C, or HDL-C for all-

cause and CVD mortality were determined using a two-segment

Cox proportional risk-based regression model (Table 3). After

adjusting for covariates in model 3, both TyG index, LDL-C, and

HDL-C were found to be significantly and positively associated with

all-cause and CVD mortality when above the inflection point. It
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should be noted that CVDmortality decreased by 5% when the TyG

index was below the inflection point (HR: 0.95, 95% CI: 0.92, 0.98).

Additionally, when LDL-C was below the inflection point, all-cause

mortality decreased by 22% (HR: 0.78, 95% CI: 0.64, 0.96).

To examine the relationship between the TyG index and LDL-C

or HDL-C and the risk of all-cause and CVD mortality, we divided

the participants into four subgroups based on their baseline TyG

index levels and whether their LDL-C or HDL-C levels were within

the normal range (Table 4). Compared to the low TyG index

combined with LDL-C normal group, participants in the high

TyG index combined with LDL-C abnormal group had a 14%

(adjusted HR: 1.14, 95% CI: 1.08,1.20), and 13% (adjusted HR: 1.13,

95% CI: 1.04,1.22) increase in all-cause and CVD mortality,

respectively. No significant interactive effects of TyG index and

LDL-C on the risk of all-cause and CVD mortality. Participants in

the high TyG index combined with the abnormal HDL-C group had

an 11% increase in all-cause mortality compared to the low TyG

index combined with the normal HDL-C group (adjusted HR: 1.11,

95% CI: 1.04,1.17). However, a high TyG index combined with

HDL-C abnormality did not significantly increase CVD mortality.

Similarly, there were no significant interactive effects of TyG index

and HDL-C on the risk of all-cause and CVD mortality.
3.3 Subgroup analyses and
sensitivity analyses

Subgroup analyses showed that TyG index and LDL-C or HDL-C

were more consistently positively associated with all-cause mortality

by gender, and age (Figure 3). Sensitivity analyses produced results

consistent with the main analysis (Supplementary Table S4,

Supplementary Figure S1).
4 Discussion

In this study, we found that after adjusting for various

covariates, the TyG index had a non-linear association with the

risk of all-cause and CVD mortality. LDL-C had a non-linear

association with the risk of all-cause mortality and a linear with

CVD mortality. HDL-C had a linear association with the risk of all-

cause mortality and a non-linear with CVD mortality. Additionally,

through threshold effect analysis, we have identified a turning point

for the TyG index (8.56 for all-cause mortality and 8.74 for CVD

mortality). At this point, a high TyG index combined with

abnormal LDL-C significantly increases the risk of all-cause and

CVDmortality. Furthermore, the combination of abnormal HDL-C

significantly increases the risk of all-cause mortality only. It is

noteworthy that the fourth quartile of the TyG index is associated

with lower mortality than the third quartile. This finding is

inconsistent with the j-shaped curve observed in the restricted

cubic spline plot. This apparent incongruity may have arisen

because the value of the vertical coordinate of the restricted cubic

spline plot plotted under the survival analysis condition is the risk

ratio, whereas the number of outcome events presented in the table
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represents only one of the two variables of the survival analysis, i.e.,

it is the survival outcome. However, in the context of survival

analysis, it is essential to consider the survival time of the subjects.

The data demonstrated that individuals who died in the fourth

quartile of the TyG index survived for a significantly longer period

than those who died in the other three quartiles. Although the risk
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ratio increased in the fourth quartile group, the magnitude was less

pronounced, suggesting that fewer individuals died in the fourth

quartile group than in the third quartile group.

Some aspects of our findings are consistent with previous

studies that have shown a positive correlation between higher

TyG index and higher all-cause and CVD mortality. For instance,
TABLE 2 Risk of all-cause and CVD mortality according to quartiles of TyG index, LDL-C and HDL-C.

Outcomes Variables No. of deaths HR (95% CI)

Model 1 Model 2 Model 3

All-cause mortality TyG index Q1 3500 1.01 (0.96,1.06) 1.04 (0.99,1.09) 1.03 (0.99,1.09)

Q2 3322 1.00 (ref) 1.00 (ref) 1.00 (ref)

Q3 3558 1.01 (0.96,1.06) 1.06 (1.01,1.11) 1.05 (1.01,1.10)

Q4 3141 1.01 (0.96,1.06) 1.17 (1.12,1.23) 1.16 (1.12,1.22)

P for trend 0.99 < 0.001 < 0.001

LDL-C Q1 3347 1.07 (1.02,1.12) 0.95 (0.91,0.99) 0.96 (0.92,1.01)

Q2 3696 1.00 (0.95,1.05) 0.98 (0.93,1.03) 0.99 (0.94,1.03)

Q3 3462 1.00 (ref) 1.00 (ref) 1.00 (ref)

Q4 3016 1.01 (0.96,1.06) 1.08 (1.03,1.14) 1.07 (1.02,1.12)

P for trend 0.02 < 0.001 < 0.001

HDL-C Q1 3297 1.02 (0.97,1.07) 0.98 (0.94,1.03) 0.97 (0.93,1.02)

Q2 3307 1.00 (ref) 1.00 (ref) 1.00 (ref)

Q3 3330 1.00 (0.96,1.05) 1.01 (0.97,1.06) 1.01 (0.97,1.06)

Q4 3587 1.08 (1.03,1.13) 1.10 (1.05,1.15) 1.10 (1.05,1.16)

P for trend 0.003 < 0.001 < 0.001

Cardiovascular
disease mortality

TyG index Q1 1715 1.13 (1.06,1.21) 1.14 (1.07,1.22) 1.13 (1.06,1.21)

Q2 1714 1.00 (ref) 1.00 (ref) 1.00 (ref)

Q3 1783 0.96 (0.90,1.02) 1.03 (0.96,1.10) 1.02 (0.96,1.09)

Q4 1763 0.98 (0.92,1.05) 1.07 (1.01,1.15) 1.08 (1.01,1.16)

P for trend < 0.001 < 0.001 < 0.001

LDL-C Q1 2088 1.01 (0.94,1.07) 0.94 (0.88,1.00) 0.94 (0.88,1.00)

Q2 1845 0.99 (0.92,1.06) 0.96 (0.90,1.03) 0.96 (0.90,1.03)

Q3 1642 1.00 (ref) 1.00 (ref) 1.00 (ref)

Q4 1400 1.04 (0.97,1.12) 1.09 (1.02,1.18) 1.09 (1.01,1.17)

P for trend 0.5 < 0.001 < 0.001

HDL-C Q1 1794 0.98 (0.91,1.04) 0.95 (0.89,1.01) 0.95 (0.89,1.01)

Q2 1684 1.00 (ref) 1.00 (ref) 1.00 (ref)

Q3 1705 1.08 (1.01,1.16) 1.07 (1.01,1.15) 1.07 (1.01,1.15)

Q4 1792 1.14 (1.07,1.22) 1.11 (1.04,1.18) 1.11 (1.04,1.18)

P for trend < 0.001 < 0.001 < 0.001
TyG index: Q1 (3.19-8.19), Q2 (8.19-8.55), Q3 (8.55-8.90), Q4(8.90-13.51). LDL-C: Q1 (0.04-2.25), Q2 (2.25-2.76), Q3 (2.76-3.26), Q4(3.26-12.10). HDL-C: Q1 (0.02-1.10), Q2 (1.10-1.31), Q3
(1.31-1.61), Q4(1.61-11.68).
Model 1: Unadjusted.
Model 2: Adjusted for gender and age.
Model 3: Adjusted for gender, age, marital status, current smoking, alcohol consumption, T2DM, SBP, DBP, RHR, WC, and BMI.
HR, hazards ratio; CI, confidence interval.
frontiersin.org

https://doi.org/10.3389/fendo.2024.1422086
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Su et al. 10.3389/fendo.2024.1422086
a cohort study conducted by the National Health and Nutrition

Examination Survey, which included 20,194 participants and had a

follow-up period of 9.82 years, demonstrated a non-linear

relationship between the TyG index and all-cause and CVD

mortality in the general population. The study found that the

lowest risk of all-cause or CVD mortality occurred when the TyG

index was 9.36 or 9.52 (29). Another recent study, which only

included adults 18 years of age and older, similarly demonstrated a

non-linear association between the TyG index and all-cause and

CVDmortality. However, this study found a shift from a non-linear

association to a linear positive association between the TyG index

and CVDmortality when focusing on study participants aged 45-64

years (30). One possible explanation for the association between age

and the TyG index is that younger people are believed to be more

susceptible to IR (31), which is closely linked to the TyG index (32).

As a result, as the TyG index increases, this group is more likely to

develop concomitant metabolic diseases that contribute to CVD

mortality. Additionally, studies investigating the relationship

between the TyG index and cardiovascular metabolic

multimorbidity (CMM) have discovered U-shaped associations

between the TyG index and all-cause and CVD mortality (33).

However, conflicting results exist regarding the effect of the TyG

index on all-cause and CVD mortality in older adults. A meta-

analysis that included 12 cohort studies found no statistical

correlation between the TyG index and all-cause and CVD

mortality (34). This lack of correlation may be due to the small

number of studies included in the analysis.
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Previous studies have found a strong association between lower

or higher elevations of FPG and CVD morbidity and mortality even

in nondiabetic patients, with a J-shaped association between blood

glucose levels and CVD mortality (35). A study of TG reported that

elevated TG was associated with a reduced risk of CVD mortality

(36). Low TG and blood glucose may represent individuals in a

poorer nutritional state, and in addition, hypoglycemia-induced

thrombosis contributes to increased CVDmortality (37). Therefore,

we need to maintain normal TyG index levels.

A cohort study in Denmark found that higher LDL-C was

associated with an increased risk of all-cause and CVD mortality

(18). Similarly, a meta-analysis of 14 studies found that LDL-C is

associated with a higher risk of CVD mortality (38). These findings

support the view that LDL-C is the ‘bad cholesterol’ and that higher

levels of LDL-C are associated with an increased risk of death (14).

Our study is similar to these studies and similarly demonstrates the

association of higher LDL-C with death from CVD. Also, the fact

that LDL-C collection preceded and the outcome of death appeared

later in the study population confirms the causal relationship

between LDL-C and CVD mortality. Regarding the evidence for

HDL-C, it was found that higher levels of HDL-C were associated

with an increased risk of all-cause mortality (39). This is consistent

with the findings of a cohort study conducted in Copenhagen,

where HDL-C is known as an ‘anti-atherogenic lipoprotein’ that

prevents atherosclerosis and slows the onset of CVD (40). However,

our study found the opposite. Individuals who died of all-cause and

cardiovascular disease during the follow-up period were, on
FIGURE 2

Dose-response relationships of TyG index, LDL-C, and HDL-C with all-cause and cardiovascular mortality. The cut-off levels for TyG index in all-
cause and cardiovascular mortality were 8.56 (A) and 8.74 (D), for LDL-C 1.66 (B) and 2.84 (E), and for HDL-C 1.36 (C) and 1.30 (F), respectively. The
circles represent the points (5, 25, 50, 75, and 95 percentiles) where the nodes were placed. The region between the two dotted lines represents the
95% confidence interval (95% CI). The model was adjusted for gender, age, marital status, current smoking, alcohol consumption, T2DM, SBP, DBP,
RHR, WC, and BMI.
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average, approximately seven to eight years older than those who

survived. However, individuals with lower high-density lipoprotein

cholesterol (HDL-C) may have died during the 5.8-year follow-up

period and therefore could not be included in the study. Due to the

survival effect, high-density lipoprotein cholesterol (HDL-C) was

observed to be higher in the deceased cohort than in the surviving

cohort. Consequently, it is plausible that elevated HDL-C levels may

be associated with an increased risk of all-cause mortality.
Frontiers in Endocrinology 0924
In this study, we analyzed the interaction between the TyG

index and LDL-C or HDL-C about the risk of all-cause and CVD

mortality. Our findings suggest that an elevated TyG index is more

strongly associated with all-cause and CVD mortality in subjects

with abnormal LDL-C, and with all-cause mortality in those with

abnormal HDL-C. It is important to note that the TyG index and

serum cholesterol level are two independent measurements.

However, the TyG index is obtained from the combined
TABLE 3 Threshold effect analysis of TyG index, LDL-C, and HDL-C on all-cause and CVD mortality.

Outcome Variables Inflection point HR (95% CI) P-value

All-cause mortality TyG index 8.56

<8.56 0.97 (0.92,1.04) 0.401

≥8.56 1.21 (1.15,1.28) < 0.001

LDL-C 1.66

<1.66 0.78 (0.64,0.96) 0.016

≥1.66 1.08 (1.05,1.11) < 0.001

HDL-C 1.36

<1.36 1.10 (0.97,1.25) 0.140

≥1.36 1.07 (1.02,1.11) 0.002

Cardiovascular
disease mortality

TyG index 8.74

<8.74 0.95 (0.92,0.98) < 0.001

≥8.74 1.05 (1.01,1.09) 0.02

LDL-C 2.84

<2.84 1.01 (0.98,1.04) 0.458

≥2.84 1.07 (1.03,1.11) 0.002

HDL-C 1.30

<1.30 1.03 (0.99,1.06) 0.08

≥1.30 1.03 (0.97,1.09) 0.336
The lowest point of the continuous variables TyG index, LDL-C, and HDL-C mortality risk ratios was taken as the cutoff value, and the mortality risk ratios for each variable on both sides were
calculated at the cutoff value, respectively. Model was adjusted for gender, age, marital status, current smoking, alcohol consumption, T2DM, SBP, DBP, RHR, WC, and BMI. Abbreviations: HR,
hazards ratio; CI, confidence interval.
TABLE 4 HR of all-cause and CVD mortality by combined categories of TyG index, LDL-C, and HDL-C.

Outcomes TyG index LDL-C P-interaction HDL-C P-interaction

normal abnormal normal abnormal

All-cause mortality TyG index
< 8.56

1.00 (ref) 1.10
(1.05,1.17)

0.021 1.00 (ref) 1.09
(1.03,1.15)

0.036

TyG index
≥ 8.56

1.09
(1.05,1.14)

1.14
(1.08,1.20)

1.10
(1.05,1.14)

1.11
(1.04,1.17)

Cardiovascular
disease mortality

TyG
index< 8.74

1.00 (ref) 1.11
(1.04,1.19)

0.041 1.00 (ref) 0.96
(0.89,1.03)

0.129

TyG
index≥ 8.74

1.01
(0.95,1.07)

1.13
(1.04,1.22)

1.01
(0.95,1.07)

1.00
(0.91,1.09)
The relationship between normal and abnormal LDL-C or HDL-C and the risk of mortality under these conditions was determined by calculating the interaction using the cutoff value of the TyG
index as the cutoff value for categorization into high and low TyG index, respectively. Data are presented as hazard ratios, 95% confidence intervals. Model was adjusted for gender, age, marital
status, current smoking, alcohol consumption, T2DM, SBP, DBP, RHR, WC, and BMI.
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measurement of TG and FPG. TG and LDL-C or HDL-C levels are

often considered interrelated biomarkers of the underlying state of

the circulatory and cardiovascular systems. Hypertension,

hyperlipidemia, and hyperglycemia have been referred to as the

‘three highs.’ Studies have demonstrated that they interact with each

other (41). It is worth mentioning that previous researchers have

used the ratio of TG to HDL-C in combination with the TyG index

to explore associations with the development of CVD (42). The

potential biological mechanisms through which the TyG index and

LDL-C or HDL-C are linked to all-cause mortality and CVD

mortality, respectively, are outlined below. A reduction in NO

results in impaired endothelial-dependent vasodilation. Moreover,

impaired vasodilation is not a cause or risk of diabetes; on the

contrary, endothelial dysfunction is a frequent consequence of

diabetes (43, 44). Furthermore, evidence indicates that IR serves

as a marker for cardiovascular metabolic diseases (CMD) and

dyslipidemia (45). Elevated blood lipids have been demonstrated

to promote the formation of atherosclerotic plaques (46).

Furthermore, dyslipidemia is associated with an increased risk of

thrombotic events and, consequently, mortality from cardiovascular

causes (47). The aforementioned mechanisms may partially

elucidate the potential correlation between the TyG index and

lipids and the risk of mortality in patients with cardiovascular
Frontiers in Endocrinology 1025
disease (48). There was no consistency found between the TyG

index and LDL-C or HDL-C level to all-cause mortality across

different age and sex groups. The effect of the TyG index and LDL-C

or HDL-C level on all-cause mortality decreased with age among

females. However, a positive correlation still reached a significant

level even among those over 65 years of age, which is consistent with

previous findings (49–51). It is worth noting that the risk of all-

cause mortality was greater for each 1 SD increase in HDL-C in

participants younger than 65 years of age compared with

participants older than 65 years of age. This suggests that older

adults, especially those in the early stages of aging, should pay

particular attention to HDL-C metrics. The reason for this

phenomenon may be related to the fact that the participants were

in a degenerative stage of body functions when they first entered

old age.

The study has several strengths. Firstly, the data were obtained

from the records of annual health checkups in Xinzheng City,

Henan Province, China, focusing on adults aged 60 years and older,

which represents a large sample size. Secondly, instruments were

used to measure participants’ serum cholesterol levels rather than

relying on self-reporting, reducing information bias. Additionally,

our mortality data were obtained from the Centers for Disease

Control and Prevention, and the causes of death were reviewed by at
FIGURE 3

Hazard ratio (95% confidence interval) of all-cause and CVD mortality for per 1-SD increase in TyG index, LDL-C, and HDL-C according to gender
and age.
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least three clinical experts. Finally, no previous study has explored

the interaction between the TyG index and serum cholesterol levels,

and we explored whether there was an interaction between the two.

However, this study has some limitations. Firstly, individuals who

died of all-cause and CVD during the follow-up period were

approximately 7 to 8 years older than those who did not die.

However, during the follow-up time of 5.8 years, some of their peers

with higher TyG index, LDL-C, and lower HDL-C may have died,

and thus they could not be recruited into the study. Due to survival

effects, the TyG index and LDL-C were lower in those who died

than in those who did not die, and HDL-C was higher than in those

who died. It is therefore possible that the data presented in the study

may be biased. Secondly, the latent category trajectory model

(LCGM) analysis highlights the importance of considering

dynamic changes in participant measures during follow-up,

regardless of baseline. Furthermore, the questionnaire did not

include information on diet and cardiorespiratory fitness, which

would have helped to eliminate the possibility of reverse causation

and residual confounding. Additionally, the study focused on

individuals aged 60 years and older, which may limit

generalizability to the entire population.
5 Conclusion

In this study, we found that TyG index and LDL-C or HDL-C

were significantly associated with an increased risk of all-cause and

CVD mortality in a Chinese population of older adults.

Furthermore, a high TyG index combined with abnormal LDL-C

levels was also associated with an elevated risk. These findings

suggest that routine monitoring and control of TyG index and lipids

should be strengthened, and these indices should be included in risk

assessment as risk factors for all-cause and CVD mortality.
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Hypothyroidism correlates with 
osteoporosis: potential 
involvement of lipid mediators
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Affiliated Hospital of Wenzhou Medical University), Ruian, Zhejiang, China, 3 College of Nursing, 
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Background: Observational studies have demonstrated a correlation between 
thyroid dysfunction and osteoporosis (OP); however, the underlying causality 
has yet to be fully elucidated.

Methods: The necessary dataset was sourced from public databases. Initially, 
instrumental variables (IVs) were selected based on three primary hypotheses. 
Subsequently, Cochran’s Q test was employed to exclude IVs exhibiting 
heterogeneity. The MR-PRESSO test and the leave-one-out sensitivity test were 
further applied to detect potential pleiotropy. Inverse variance was utilized for the 
analysis. This study primarily utilized the inverse variance weighted (IVW) model 
for Mendelian analysis. Since Type 1 diabetes mellitus can also contribute to 
the development of osteoporosis, this study additionally employed multivariate 
Mendelian analysis. Furthermore, 249 circulating metabolites were selected for 
mediation analysis in the Mendelian randomization framework.

Results: In this study, the two-sample Mendelian randomization (MR) analysis 
primarily employed the random-effects IVW model and demonstrated a 
causal relationship between hypothyroidism (OR  =  1.092, 95% CI: 1.049–1.137, 
p  <  0.001) and hyperthyroidism (OR  =  1.080, 95% CI: 1.026–1.137, p  =  0.003) with 
the risk of OP. No causal relationships were identified between FT3, FT4, TSH, and 
the risk of OP (p  >  0.05). The results of the multivariate Mendelian randomization 
(MVMR) analysis indicated that hyperthyroidism was no longer a risk factor for OP 
(OR  =  0.984, 95% CI: 0.918–1.055, p  =  0.657), whereas hypothyroidism persisted 
as a risk factor (OR  =  1.082, 95% CI: 1.021–1.147, p  =  0.008). The mediated 
Mendelian randomization analysis revealed that hypothyroidism may exert an 
indirect effect on OP via triglycerides in large VLDL, mediating approximately 
2.47% of the effect.

Conclusion: This study identifies a potential link between hypothyroidism and 
OP, possibly mediated indirectly via triglyceride levels in large VLDL. Further 
investigations are required to elucidate the direct or indirect causal mechanisms 
underlying this association.

KEYWORDS

circulating metabolites, Mendelian randomization, mediation analysis thyroid 
dysfunction, osteoporosis, thyroid-related hormones
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TABLE 1  Sources and status of data.

Exposures/
outcome

Sample size Data sources Ancestry GWAS ID Total SNPs Selected 
SNPs

Hyperthyroidism 46 IEU open database European ebi-a-GCST90018860 24,189,279 11

Hypothyroidism 405,357 IEU open database European ebi-a-GCST90013893 11,038,721 104

TSH 271,040
The ThyroidOmics 

Consortium database
European –

– 161

FT3 59,061 – 6

FT4 119,120 – 60

Osteoporosis 399,054 Finn Biobank European
R10_M13_

OSTEOPOROSIS

–
–

1 Introduction

American scholars project that by 2025, more than 3 million 
fractures will occur among osteoporosis patients in the United States, 
with associated medical costs expected to reach $25.3 billion (1). 
Osteoporosis (OP), a hallmark of aging, is a systemic metabolic bone 
disease characterized by decreased bone mineral density and 
increased fracture susceptibility, and, from a cytological perspective, 
by an imbalance in the functions of osteoblasts, osteoclasts, and 
adipocytes (2, 3). Multiple factors contribute to the development of 
OP, including insufficient calcium intake, smoking, alcohol 
consumption, long-term use of certain medications, and the presence 
of specific diseases (4).

Hyperthyroidism and hypothyroidism are the most prevalent 
thyroid dysfunctions, each influencing various physiological 
functions. In the United States, hypothyroidism affects approximately 
5% of the population, while hyperthyroidism affects nearly 1% (5). 
Numerous observational studies have demonstrated an association 
between thyroid dysfunction and OP (6); however, the causal 
relationships between hyperthyroidism, hypothyroidism, TSH, FT4, 
FT3, and OP remain unclear.

To elucidate the causal relationship, Mendelian randomization 
(MR) analysis was conducted in this study. MR analysis is a widely 
used method that evaluates potential causal relationships between 
exposure factors and outcomes using instrumental variables (IVs) and 
is less susceptible to confounders, thereby producing more reliable 
results (7). Therefore, this study employed MR analysis to investigate 
the potential causal relationship between thyroid dysfunction, thyroid 
function, and the risk of OP.

Patients with type 1 diabetes have a higher likelihood of 
developing thyroid dysfunction, and type 1 diabetes is also a known 
risk factor for OP. Therefore, this study incorporated type 1 diabetes 
into the multivariate Mendelian randomization (MVMR) analysis (8). 
This was done to explore the effect of adjusting for type 1 diabetes on 
OP, and subsequently to assess whether a causal relationship exists 
between thyroid dysfunction and OP.

Metabolomics is an emerging field of research that offers novel 
insights into how metabolites influence various physiological systems, 
particularly the endocrine system (9). The metabolome consists of 
metabolites and their associated metabolic pathways (10). A study 
analyzed plasma metabolites from 41 individuals with subclinical 
hypothyroidism, 45 hypothyroid patients, and 40 euthyroid 
individuals using metabolomics and machine learning algorithms. 
The findings revealed that the metabolic patterns of the hypothyroid 

and subclinical hypothyroid groups differed significantly from those 
of the euthyroid group. Specifically, primary bile acid biosynthesis, 
lysine degradation, tryptophan metabolism, steroid hormone 
biosynthesis, and purine metabolism were significantly impacted 
(11). However, few studies have focused on circulating metabolites 
in plasma.

Several observational studies have demonstrated an association 
between hypothyroidism and dyslipidemia, as well as a link between 
dyslipidemia and OP (12, 13). However, it remains unclear whether 
hypothyroidism influences the development of OP through circulating 
metabolites. Therefore, this study will explore this question using 
mediated Mendelian randomization analysis.

2 Methods and materials

2.1 Study design and data sources

Our data were sourced from the widely recognized IEU 
OpenGWAS database, the ThyroidOmics Consortium, and the 
FinnGen database (Table  1). As these databases were externally 
developed, ethical approval was not required. In this study, 
hyperthyroidism, hypothyroidism, TSH, FT4, and FT3 were used as 
exposure variables, with OP as the outcome variable. An MR analysis 
was conducted to investigate potential causal relationships between 
these factors (Figure 1).

2.2 Instrumental variables

In MR analysis, instrumental variables are genetic variants, often 
single nucleotide polymorphisms (SNPs), used to study the impact of 
genetic variation (14). The screening criteria were as follows: (1) 
instrumental variables must be  strongly correlated with exposure 
variables. We set a significance threshold of p < 5 × 10^-8 to identify 
SNPs with strong associations. (2) Instrumental variables must 
be independent, meaning they are not correlated with confounders 
(15). Linkage disequilibrium among SNPs was addressed by setting 
kb = 10,000 and r2 ≤ 0.001 (16). (3) Instrumental variables should affect 
the outcome exclusively through the exposure variables (17). The 
F-statistic assesses the strength of the correlation between instrumental 
variables and exposure factors. Thus, we calculated the F-statistic for 
each exposure-related SNP (F = β2/SE2) (18), where β represents the 

30

https://doi.org/10.3389/fmed.2024.1453502
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Leng et al.� 10.3389/fmed.2024.1453502

Frontiers in Medicine 03 frontiersin.org

effect estimate of the exposure factor and SE is the standard error. 
We selected IVs with F > 10 to reduce bias from weak instruments (19). 
Subsequently, we identified SNPs where the exposure and outcome 
overlapped to remove palindromic SNPs and misaligned alleles.

2.3 MR analysis

To determine whether a causal relationship exists between genetic 
exposure and outcome, we  employed several commonly used MR 
methods, including inverse-variance weighted (IVW), MR-Egger 
regression, weighted median (WM), weighted mode techniques, and 
MR-PRESSO. IVW is widely regarded as the primary statistical method 
in MR, and thus, this study adopts IVW as the main analysis approach. 
The fixed-effects IVW model operates under the assumption that all 
instrumental variables (IVs) are valid, whereas the random-effects 
IVW model assumes that not all IVs are valid (20). Therefore, 
we initially conducted a heterogeneity test using R. If heterogeneity was 
detected (i.e., p < 0.05), the random-effects model was applied (21). 
Subsequently, a pleiotropy test was conducted, and if p > 0.05, it 
indicated that the likelihood of pleiotropy was minimal or nonexistent 
and could be  disregarded (22). Additionally, the intercept of the 
MR-Egger regression was not statistically significant, and the funnel 
plot was symmetric around zero, further confirming the absence of 
pleiotropy. A Cochran Q test was also conducted to assess SNP 
heterogeneity, which was statistically significant at p < 0.05 (23).In this 
study, we used the “TwoSampleMR,” “MendelianRandomization,” and 
“MR-PRESSO” packages in R (version 4.4.0) for MR analysis (24).

2.4 Mediator analysis link 
“hypothyroidism-blood-metabolites-OP”

Data on 249 circulating metabolites, collected and provided by 
Nightingale Health, were obtained from the IEU Open-GWAS Project 
public database (25). Circulating metabolites were used as mediators 
to decompose the direct and indirect effects of hypothyroidism on OP 
through a two-step Mendelian randomization (TSMR) approach. The 
total effect of hypothyroidism on OP was denoted as TE, the effect of 
hypothyroidism on circulating metabolites as β1, and the effect of 
circulating metabolites on OP as β2. The indirect effect (IE), 

representing the causal pathway through which hypothyroidism 
influences the occurrence of OP via the mediator, was estimated using 
the product of coefficients method (β1 × β2). Accordingly, the 
proportion of the total effect mediated by the circulating metabolites 
was calculated as “indirect effect/total effect (IE/TE),” with the direct 
effect (DE) determined as TE - IE (26). Confidence intervals (CIs) for 
the mediated proportions were calculated using the delta method (27).

3 Results

3.1 Genetic variation selection

In this study, based on the selection criteria for instrumental 
variables, SNPs without a palindromic structure, no linkage 
disequilibrium, and an F-statistic >10 were selected. Specifically, 104, 
11, 6, 60, and 161 SNPs were selected as valid instrumental variables 
(IVs) for hypothyroidism, hyperthyroidism, FT3, FT4, and TSH, 
respectively.

3.2 Causal effect of thyroid disease on OP

To investigate the effects of thyroid disease and thyroid function 
on OP, a TSMR analysis was conducted. Specifically, we examined the 
causal relationships between hypothyroidism, hyperthyroidism, FT3, 
FT4, TSH, and the risk of OP.

The results indicated a causal relationship between hypothyroidism 
and an increased risk of OP (IVW: OR = 1.092, 95% CI: 1.049–1.137, 
p < 0.001). A causal relationship was also found between 
hyperthyroidism and OP risk (IVW: OR = 1.080, 95% CI: 1.026–1.137, 
p = 0.003). However, no causal relationships were observed between 
FT3, FT4, TSH, and OP risk (p > 0.05) (Figure 2). The intercept of the 
MR-Egger regression was not statistically significant, and the 
symmetry of the funnel plot around zero suggested that the selected 
instrumental variables were minimally, affected by horizontal 
pleiotropy (Figure 3). A multiplicity test conducted using R software 
showed that all p-values were greater than 0.05, indicating negligible 
or no multiplicity effects among the instrumental variables. Leave-
one-out sensitivity analysis revealed that all SNPs in the 
hyperthyroidism and hypothyroidism groups were on one side of the 

FIGURE 1

Diagram for this study. IVs, instrumental variable; SNP, single nucleotide polymorphism.
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distribution. The p-values from the heterogeneity test were greater 
than 0.05, indicating no biased SNPs (Figure 4).

3.3 Multivariate Mendelian analysis

Diabetes mellitus is a known risk factor for OP and fractures, with 
patients with type 1 diabetes mellitus having an elevated risk of 
developing OP (28). Therefore, type 1 diabetes was included in this 
study for MVMR analysis. The results indicated that hyperthyroidism 
was no longer a risk factor for OP (OR = 0.984, 95% CI: 0.918–1.055, 
p = 0.657). However, hypothyroidism remained a risk factor for OP 
(OR = 1.082, 95% CI: 1.021–1.147, p = 0.008), and type 1 diabetes also 
emerged as a risk factor for OP (OR = 1.049, 95% CI: 1.029–1.069, 
p < 0.001) (Figure 5).

3.4 Mediated Mendelian randomization 
analysis

We investigated the effect of hypothyroidism on circulating 
metabolites in 249 individuals and identified a significant correlation 
between hypothyroidism and 59 circulating metabolites after applying 
FDR correction (p < 0.05) (29). Hypothyroidism was found to be a risk 
factor for citrate (OR = 1.021, 95% CI: 1.001–1.032, p = 0.005) and 
creatinine (OR = 1.018, 95% CI: 1.006–1.030, p = 0.017). It was also 
inversely associated with ApoA1 (OR = 0.980, 95% CI: 0.966–0.995, 
p = 0.038), cholines (OR = 0.976, 95% CI: 0.962–0.990, p = 0.011), the 

concentration of large high-density lipoprotein particles (HDL) 
(OR = 0.975, 95% CI: 0.960–0.990, p = 0.013), large cholesteryl esters 
in LDL (OR = 0.981, 95% CI: 0.965–0.996, p = 0.047), cholesteryl esters 
in large very-low-density lipoproteins (VLDL) (OR = 0.983, 95% CI: 
0.970–0.997, p = 0.047), triglycerides in large VLDL (OR = 0.982, 95% 
CI: 0.969–0.996, p = 0.045), linoleic acid (LA) (OR = 0.970, 95% CI: 
0.951–0.990, p = 0.018), low-density lipoprotein cholesterol (LDL) 
(OR = 0.981, 95% CI: 0.966–0.994, p = 0.032), free cholesterol in 
medium VLDL (OR = 0.981, 95% CI: 0.968–0.996, p = 0.039), 
concentration of medium VLDL particles (OR = 0.980, 95% CI: 0.968–
0.993, p = 0.020), and phospholipids in small HDL (OR = 0.971, 95% 
CI: 0.960–0.985, p = 0.002), along with other protective factors. None 
of the selected SNPs exhibited significant horizontal pleiotropy 
(p > 0.05) or heterogeneity (p < 0.05). A Mendelian randomization 
analysis was then conducted with these 59 circulating metabolites as 
exposure variables and OP as the outcome variable. A causal effect was 
found only for triglycerides in large VLDL (OR = 0.885, 95% CI: 
0.787–0.995, p = 0.042). Subsequently, a mediated Mendelian 
randomization analysis was performed, revealing that hypothyroidism 
exerted an indirect effect on OP through triglycerides in large VLDL, 
mediating 2.47% of the total effect (Figure 6).

4 Discussion

In this study, we employed univariate and MVMR analyses, along 
with mediation analyses, to evaluate the relationships between 
hypothyroidism, circulating metabolites, and OP. Our findings 

FIGURE 2

Summary of the five Mendelian randomization analysis methods. CI, confidence interval; OR, odds ratio; TSH, Thyroid stimulating hormone.
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demonstrated that hypothyroidism and hyperthyroidism acted as risk 
factors for OP in two-sample MR analyses. However, after adjusting 
for confounders, including diabetes mellitus, in MVMR models, 
hyperthyroidism was no longer a significant risk factor. Furthermore, 
hypothyroidism may elevate the risk of OP by altering blood 
metabolite levels, with triglycerides in large VLDL potentially playing 
a mediating role, contributing to approximately 2.7% of the overall 
association between hypothyroidism and OP risk.

Thyroid hormone promotes the growth of long bones, stimulates 
the growth and differentiation of osteoblasts, and increases osteoclast 
activity (30). Yang et al. investigated the relationship between thyroid 
autoimmune diseases and OP within the normal range of TSH. Their 
results indicated that thyroid peroxidase antibodies (TPO) levels were 
significantly higher in the serum of patients with OP compared to 
those without the condition (p < 0.05) (31). TPO is a key indicator for 
diagnosing thyroid autoimmune disorders, which are most commonly 

associated with hyperthyroidism and hypothyroidism. These findings 
suggest a relationship between hyperthyroidism, hypothyroidism, and 
OP, which is consistent with the genetic conclusions drawn in this 
study. We  propose that hypothyroidism is a risk factor for OP, a 
viewpoint shared by other scholars (32). Some studies have found that 
higher serum concentrations of TSH are associated with increased 
bone density and a lower likelihood of developing OP. The proposed 
mechanism is that TSH promotes osteoblast differentiation and 
proliferation. Additionally, a correlation has been identified between 
elevated FT3 and FT4 levels and an increased risk of fractures and 
reduced bone density (33). Studies have also shown that in older 
adults with normal TSH levels, a positive correlation between TSH 
concentration and OP still exists (34). In this study, from a genetic 
perspective, we did not find a definitive causal relationship between 
TSH and OP. This may be due to population selection bias in the data 
used, indicating the need for further research. Some scholars analyzed 

FIGURE 3

Mendelian randomization (MR) analyses of hyperthyroidism, hypothyroidism, and OP were conducted using multiple models. (A,B) Scatter plots depict 
the potential causal relationships between hypothyroidism (A), hyperthyroidism (B), and OP, where the slopes represent the estimated magnitude of 
causality. (C,D) Funnel plots present heterogeneity tests, highlighting causal effect estimates of hypothyroidism (C) and hyperthyroidism (D) on OP. The 
lines represent causal effect estimates derived from the inverse variance weighting and MR-Egger models.
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3,338 men without thyroid or bone diseases and found no association 
between TSH, FT4, and either fracture or bone mineral density, which 
is consistent with our findings (35). In this study, we also included 
type 1 diabetes mellitus in the multivariate Mendelian analysis and 
found that both hypothyroidism and type 1 diabetes mellitus were risk 
factors for OP, though the underlying mechanism remains unclear. A 
possible explanation is a synergistic effect between hypothyroidism 
and type 1 diabetes.

Mediated MR approaches enable the investigation of potential 
causal pathways linking genetic risk factors to disease outcomes 
via specific biomarkers or metabolic pathways. In this study, 
we employed the genetic instrumental variable for hypothyroidism 
to evaluate its indirect influence on OP risk, mediated through 

circulating metabolites. We found that hypothyroidism may have 
an indirect effect on OP via triglycerides in large VLDL, though 
the underlying mechanism remains unknown. In a study involving 
patients in the early post-thyroidectomy phase, total cholesterol 
(TC), low-density lipoprotein cholesterol (LDL-C), triglycerides 
(TG), and the TC/HDL-C ratio were elevated in the thyroid 
hormone-naïve group compared to the control group (36). Cai 
et al. (37) analyzed 27 pregnant women with hypothyroidism and 
28 healthy pregnant women, and found that plasma lipid levels in 
the hypothyroid group were significantly higher than in the 
healthy group. Zhang et al. (38) conducted a TSMR analysis and 
identified a causal relationship between dyslipidemia and OP, 
where VLDL was found to be  a protective factor for OP 

FIGURE 4

Plot of leave-one-out sensitivity analysis for hyperthyroidism and hypothyroidism.

FIGURE 5

Multivariate Mendelian randomization analysis. CI, confidence interval; OR, odds ratio.
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(OR = 0.948), consistent with our findings. They further suggested 
that this result might be related to abnormal methylation gene 
modifications. In a study investigating the relationship between 
triglyceride-glucose (TyG) index and bone mass, findings 
indicated a significant association between elevated TyG and an 
increased risk of OP (39). Elevated triglycerides (TG) in VLDL 
may disrupt the balance between bone formation and resorption, 
but further research is required to elucidate the precise role of 
these metabolites in bone health.

Our study has several strengths, including multiple data sources, 
a large sample size, and the use of heterogeneity, multiplicity, sensitivity 
analyses, and FDR correction to ensure the robustness of the findings. 
Notably, this study is the first to use circulating metabolites as 
mediators to investigate the indirect effect of hypothyroidism on OP, 
the first to explore the causal effect of FT3 on OP, and the first to 
examine the impact of MVMR analyses on type 1 diabetes mellitus 
and thyroid disease in relation to the causal effect on OP.

Limitations of this study include: first, the study population was 
European, which may not be representative of the global population. 
Second, the only intervening variable analyzed was type 1 diabetes 
mellitus, while many other factors contribute to the development of OP, 
suggesting that future studies should incorporate additional variables 
for multivariate analysis. Third, due to the lack of distinction between 
OP subtypes in publicly available GWAS data on functional outcomes 
in hypothyroidism, it is currently not feasible to evaluate functional 
outcomes across specific OP subtypes. Fourthly, we only used summary 
data and did not assess and analyze other factors such as different age 
and gender. Moreover, full-scale clinical trials are necessary to validate 
these clinical conclusions. Therefore, a more comprehensive GWAS 
database and further trials are needed to clarify the mechanisms by 
which thyroid disease influences OP through lipid metabolism.

5 Conclusion

In this study, we  evaluated the causal relationships between 
hypothyroidism, hyperthyroidism, FT3, FT4, TSH, and OP using TSMR 
analysis. Our findings suggest that hypothyroidism is a risk factor for 

OP, while a causal relationship between FT3, FT4, TSH, and OP has not 
yet been supported, and whether hyperthyroidism is a risk factor for OP 
requires further investigation. We also conducted a mediation analysis 
and found that hypothyroidism may have an indirect effect on OP 
through triglycerides in large VLDL, with a mediation proportion of 
2.47%. This study highlights the importance of reminding patients with 
thyroid disease, especially those with concomitant dyslipidemia, and 
clinicians that lipid control should be emphasized in the treatment of 
thyroid disorders. Additionally, proactive measures should be taken to 
prevent the development and progression of osteoporosis.
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Objective: Previous studies have found that the relationship between metabolic

indicators and Hashimoto’s thyroiditis (HT) in non-diabetic adults remains

unclear. This study aims to explore the association between metabolic

indicators and HT, providing new theoretical insights for the clinical

management of HT.

Methods: Clinical data were collected from 2,015 non-diabetic adults at

Guangdong Provincial Hospital of Chinese Medicine. The relationship between

metabolic indicators and HT was analyzed using SPSS 26.0, R (version 4.2.1),

and Zstats.

Results: Among the 2,015 non-diabetic adult participants included in the study,

1,877 were in the non-HT group, while 138 were in the HT group. Significant

differences were observed in metabolic indicators, including serum uric acid

(SUA), serum creatinine (SCr), albumin (ALB) and high-density lipoprotein

cholesterol (HDL-C), between the two groups, with statistical significance. A

binary logistic regression model was established, revealing that SCr had a

significant impact in both univariate and multivariate analyses. To further

investigate the relationship between metabolic indicators and HT, we

conducted a restricted cubic spline (RCS) analysis. The results demonstrated a

clear non-linear relationship between SUA and HT, both before and after

adjustment (All P < 0.01). Therefore, based on the inflection points derived

from the RCS analysis, a segmented logistic regression analysis was performed.

The findings indicated a significant association between both low and high levels

of SUA and HT (Lower OR: 2.043; 95% CI: 1.405-3.019; P < 0.001; Higher OR:

2.369; 95% CI: 0.998-4.999; P = 0.034).

Conclusion: This study is the first to reveal a U-shaped association between SUA

levels and the risk of HT, suggesting that maintaining SUA levels within the range
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of 359.0-540.0 mmol/L may help reduce the risk of HT occurrence. This finding

provides a new perspective for early intervention and long-term management of

HT, particularly in terms of SUA regulation in HT patients, which holds potential

clinical value.
KEYWORDS

Hashimoto’s thyroiditis, non-diabetic adults, serum uric acid, RCS analysis,
U-shaped curve
1 Introduction

Hashimoto’s thyroiditis (HT), also known as chronic

lymphocytic thyroiditis or autoimmune thyroiditis, is a chronic

inflammatory disease of the thyroid with an etiology that remains

incompletely understood. According to a meta-analysis (1), the

global prevalence of HT among adults is 7.5%, with women being

approximately four times more likely to be affected than men.

In HT, the immune system mistakenly targets the thyroid gland

(2), producing antibodies such as anti-thyroid peroxidase antibody

(TPOAb) and thyroid globulin antibody (TgAb), leading to persistent

lymphocytic infiltration and chronic inflammation of the thyroid

tissue, which results in specific thyroid dysfunction (3). As an

autoimmune disease, the immune attack and antibody production

are ongoing and often coexist with other autoimmune disorders (3),

such as type 1 diabetes (3) and systemic lupus erythematosus (4).

Long-term immune activation may promote abnormal

proliferation of lymphocytes, making HT a significant risk factor

for primary thyroid lymphoma (5) and thyroid carcinoma (6),

being associated with over 90% of thyroid lymphoma cases.

Furthermore, persistent autoimmune responses can lead to severe

central nervous system complications, such as Hashimoto’s

encephalopathy (7). If not treated promptly, these complications

may result in irreversible neurological damage (8). Therefore, early

treatment of HT plays a crucial role in preventing complications

and improving patient outcomes.

The late-stage glycation end products (AGEs) formed under

chronic hyperglycemic conditions are evaluated as potential new

biomarkers of oxidative stress (9). Elevated levels of oxidative stress-

mediated by AGEs can induce damage to thyroid follicular cells,

trigger thyroid inflammation and ultimately promote the development

of HT (10). Research indicates that (11) the expression of IL-23 in

thyroid follicular cells of HT patients is increased, contributing to

autophagy suppression and the accumulation of reactive oxygen

species (ROS). Additionally, elevated levels of TPOAb (12) in HT

patients are also believed to be associated with increased

concentrations of interleukin-6 and tumor necrosis factor-alpha,

which play significant roles in the pathogenesis of insulin resistance

(13). Therefore, some researchers suggest that TPOAbmay exacerbate
0239
insulin resistance by promoting chronic inflammation, thereby

interfering with normal glucose metabolism.

HT patients often experience dyslipidemia (14). Liu et al. (15)

found a significant positive correlation between TPOAb levels and

total cholesterol, triglycerides, insulin resistance and high-sensitivity

C-reactive protein concentrations. Several studies (16–18) also

suggest that TPOAb may serve as a potential link between HT and

dyslipidemia. Previous research (19, 20) indicates that both

hypothyroid and hyperthyroid patients may have an increased risk

of developing hyperuricemia(HUA). The relationship between HT

and metabolic disorders extends beyond the direct effects of

hypothyroidism (21); autoimmune responses and chronic

inflammation may play a more active role in the metabolic

disturbances observed in HT patients (22). There is growing

evidence that (23) thyroid hormones and the immune system

interact in a complex bidirectional manner. As modulators of

immune responses, thyroid hormones may ultimately lead to

functional abnormalities through immune-mediated mechanisms.

Diabetic patients are often accompanied by metabolic disorders,

including dyslipidemia (24). In addition, a strong correlation

between diabetes and its related complications with elevated uric

acid levels has been well established (25). To further investigate the

relationship between HT and metabolic disturbances, we decided to

select a non-diabetic population as the study group. Previous

studies have shown that the relationship between metabolic-

related indicators and non-diabetic populations with HT remains

unclear. This study aims to explore the relationship between HT

and metabolic products, providing a stronger theoretical basis for

the long-term management of HT patients.
2 Materials and methods

2.1 Data collection

The data used in this study were collected from adult participants

who underwent health examinations at Guangdong Provincial Hospital

of Chinese Medicine from January 2023 to December 2023, with

complete datasets. After evaluating the availability of laboratory data,
frontiersin.org
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including age, gender, glycated hemoglobin (HbA1c), fasting plasma

glucose (FPG), lipid profiles (triglycerides (TG), total cholesterol (TC),

high-density lipoprotein cholesterol (HDL-C), non-HDL cholesterol

(nonHDL-C) and low-density lipoprotein cholesterol (LDL-C)), serum

creatinine (SCr) and serum uric acid (SUA), participants meeting the

screening criteria for non-diabetic adults were included (specifically,

those aged over 18 years, with HbA1c levels below 6.0% and FPG below

6.1 mmol/L). A total of 2,015 participants were included in the study

(1,164 males and 851 females).

According to the 2008 Guidelines for the Diagnosis and

Treatment of Thyroid Diseases in China and the American

Thyroid Association’s handbook on Hashimoto’s thyroiditis (26),

participants with positive TPOAb and TgAb were defined as the

Hashimoto’s thyroiditis group (HT group). Participants with

negative serum TPOAb and TgAb were defined as the non-

Hashimoto’s thyroiditis group (Non-HT group).
2.2 Statistical analysis

We employed univariate andmultivariate logistic regressionmodels

to analyze the association between metabolic-related indicators and HT

in a non-diabetic adult population. In evaluating the goodness of fit for

the multivariable logistic regression model, we used the Hosmer-

Lemeshow test. The results showed that the model fits well. To

further assess the performance of the model, we introduced the

concordance index as an evaluation metric. In this study, the

concordance index of the constructed multivariable logistic regression

model was 0.64 (95% confidence interval: 0.59-0.69). To further assess

the impact of these indicators on the risk of HT, we constructed a

multivariate logistic regression model based on restricted cubic splines

(RCS). RCS is an effective strategy for analyzing the relationship between

the risk of disease occurrence and independent variables, particularly

suitable for exploring non-linear associations. Restricted cubic splines

utilize smooth connections of polynomial functions to avoid assuming a

linear relationship between covariates and the response variable. To

avoid overfitting, the model was selected based on the minimumAkaike

Information Criterion (AIC). The AIC value was smallest when the

number of nodes was set to 4. Therefore, we used a restricted cubic

spline function with 4 nodes at the 5th, 35th, 65th, and 95th percentiles

to flexibly model the association between metabolic markers and HT. A

P-value for non-linearity < 0.05 was defined as evidence of a non-linear

relationship between the two. Additionally, the RCS model can identify

risk inflection points (thresholds), defined as the values that minimize

the odds ratio (OR). Once the thresholds were established, we

conducted piecewise logistic regression analyses to explore the

relationships between relevant indicators and HT across different

intervals. The chi-squared test was used for categorical variables, while

non-parametric tests were employed for continuous variables. All

statistical tests were two-sided, with P < 0.05 considered statistically

significant. All statistical analyses were performed using SPSS 26.0, R

(version 4.2.1), and the “Zstats” package.
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3 Results

3.1 Participant characteristics

A total of 2,015 non-diabetic adult participants were included.

Among them, 138 participants were in the HT group, while 1,877

were in the Non-HT group. There were no significant differences

in age and sex between the two groups. Notable differences with

statistical significance were observed in metabolic-related indicators

such as SUA, SCr, ALB and HDL-C between the two groups. In

terms of thyroid-related indicators, the HT group showed

significantly higher levels of TSH, TPOAb and TgAb compared to

the Non-HT group, with these differences also being statistically

significant (see Table 1).
3.2 Univariate and multivariate logistic
regression analysis

We established a binary logistic regression model, incorporating

variables with P < 0.05 into both univariate and multivariate logistic

regression analyses (see Table 2). The influence of SCr was

significant in both the univariate and multivariate analyses

(univariate analysis: OR 0.976; 95% CI 0.965–0.987; multivariate

analysis: OR 0.979; 95% CI 0.966–0.993; both P < 0.01). The impacts

of SUA, ALB and HDL-C were not significant in the multivariate

analysis (P > 0.05), indicating that their associations with the

outcome diminished after controlling for other variables.
3.3 Restrictive cubic spline identification of
uric acid ranges related to minimum risk

To further investigate the relationship between metabolic-

related indicators and HT, we conducted a RCS analysis (see

Figures 1, 2). The results showed that neither SCr, ALB, nor

HDL-C demonstrated a significant non-linear relationship with

HT in both univariate analyses and after adjusting for age and

gender (all P > 0.05). In contrast, SUA exhibited a significant non-

linear relationship with HT before and after adjustment (all P <

0.01). Therefore, based on the inflection points derived from the

RCS, we further analyzed the “U” shaped relationship between SUA

and HT. The reference range was set at 359.0-540.0 mmol/L, where

the lower subgroup consisted of participants with SUA levels below

359.0 mmol/L, and the higher subgroup comprised those with SUA

levels above 540.0 mmol/L. By establishing a segmented logistic

regression model, we analyzed the relationship between SUA levels

in different ranges and HT. Compared to the reference range, the

adjusted logistic model indicated that both lower and higher SUA

levels were significantly associated with HT (Lower OR: 2.043; 95%

CI: 1.405-3.019; P < 0.001; Higher OR: 2.369; 95% CI: 0.998-4.999;

P = 0.034) (see Table 3).
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4 Discussion

To our knowledge, this is the first cross-sectional study

investigating the relationship between metabolic-related indicators

and HT in a non-diabetic population. Our findings reveal a

significant non-linear U-shaped relationship between SUA and

HT in this cohort.

UA (27) is primarily synthesized in the liver, intestines and

vascular endothelium. It is produced endogenously through purine

metabolism, catalyzed by enzymes, from damaged, dying and dead

cells. Additionally, UA levels are influenced by the purine content in

dietary intake (28).
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The human body maintains homeostasis of UA concentration

through a dynamic balance of production and excretion (29).

However, when this balance is disrupted, it often results in

elevated UA levels in the blood, leading to HUA.

UA is known to promote the elimination of reactive oxygen

species (ROS), which contributes to its antioxidant properties

(30). However, recent studies (31) have shown that the formation

of UA is also accompanied by the generation of ROS. UA can

stimulate the activity of NADPH oxidase while inhibiting the

activity of endothelial nitric oxide synthase, consequently

reducing the metabolism of nitric oxide (NO). Furthermore,

UA enhances the affinity of arginase for L-arginine, which

further promotes ROS production. Although ROS (32) plays a

crucial role in regulating cellular signaling and physiological

homeostasis, excessive production of ROS (32, 33) can lead to

pathological states of oxidative stress. This overproduction has

been shown to irreversibly alter cellular structure and function.

Overall, the generation of ROS is vital for regulating appropriate

immune responses.

The human gut (34) is the only site that continuously activates

the immune system through direct contact with the microbiome.

The production of ROS in the gut is considered a double-edged

sword (34): it is an indispensable mechanism for defending against

pathogens and facilitating mucosal healing, but excessive ROS

production can adversely affect mucosal integrity and epithelial
TABLE 2 Binary logistic regression analysis of the relationship between
metabolic-related indicators and HT in the non-diabetic population.

Univariate analysis Multivariate analysis

OR (95%CL) P-
value

OR (95%CL) P-
value

SUA 0.997 (0.996~0.999) 0.010 1.000 (0.998~1.003) 0.777

SCr 0.976 (0.965~0.987) <0.001 0.979 (0.966~0.993) 0.004

ALB 0.916 (0.856~0.980) 0.011 0.944 (0.880~1.013) 0.108

HDL-C 1.799 (1.138~2.843) 0.012 1.359 (0.809~2.283) 0.246
TABLE 1 Comparison of baseline characteristics in the non-diabetic population.

Total (n=2015) Non-HT group (n=1877) HT group (n=138) P-value

Age (median (IQR)) 45.0 (38.0, 52.0) 45.0 (38.0, 52.0) 44.0 (38.0, 52.0) 0.519

Sex (%)

0.929Male 57.8% 57.8% 57.2%

Female 42.2% 42.2% 42.8%

HbA1c (median (IQR)) 5.50 (5.20, 5.70) 5.50 (5.20, 5.70) 5.40 (5.20, 5.70) 0.314

FPG (median (IQR)) 5.04 (4.78, 5.33) 5.03 (4.78, 5.32) 5.12 (4.83, 5.41) 0.087

SUA (median (IQR)) 359.00 (297.00, 429.50) 361.00 (299.00, 432.00) 325.50 (271.75, 414.50) 0.001

SCr (median (IQR)) 72.00 (59.00, 84.00) 72.00 (59.00, 84.00) 62.00 (55.00, 76.75) <0.001

ALB (median (IQR)) 46.40 (44.80, 48.10) 46.40 (44.80, 48.10) 46.00 (44.40, 47.58) 0.013

TG (median (IQR)) 1.19 (0.87, 1.75) 1.20 (0.87, 1.76) 1.12 (0.84, 1.65) 0.121

TC (median (IQR)) 5.15 (4.55, 5.76) 5.14 (4.55, 5.74) 5.19 (4.50, 5.90) 0.482

HDL-C (median (IQR)) 1.37 (1.16, 1.62) 1.36 (1.15, 1.62) 1.44 (1.23, 1.69) 0.003

nonHDL-C (median (IQR)) 3.74 (3.12, 4.38) 3.75 (3.13, 4.38) 3.70 (3.10, 4.34) 0.927

LDL-C (median (IQR)) 3.22 (2.67, 3.77) 3.22 (2.67, 3.76) 3.25 (2.73, 3.84) 0.686

FT3 (median (IQR)) 5.39 (5.00, 5.76) 5.41 (5.02, 5.77) 5.13 (4.77, 5.54) <0.001

FT4 (median (IQR)) 15.44 (14.25, 16.80) 15.46 (14.28, 16.82) 15.10 (14.01, 16.43) 0.052

TSH (median (IQR)) 1.84 (1.33, 2.51) 1.82 (1.33, 2.48) 2.24 (1.51, 3.11) <0.001

TPOAB (median (IQR)) 28.00 (28.00, 29.17) 28.00 (28.00, 28.00) 1,095.30 (319.47, 1,300.00) <0.001

TGAB (median (IQR)) 1.30 (1.30, 1.79) 1.30 (1.30, 1.30) 85.18 (26.63, 206.37) <0.001
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FIGURE 1

Restricted cubic spline regression analysis of the relationship between SCr, ALB, and HDL-C as continuous variables and HT. The blue solid line
represents the estimated adjusted OR, while the shaded area indicates the 95% confidence interval. The dashed line represents an odds ratio or risk
ratio of 1.0. Panels (A–C) show the spline curves for univariate regression, while subpanels (a-c) present the spline curves adjusted for age
and gender.
FIGURE 2

Restricted cubic spline regression analysis of the relationship between SUA as a continuous variable and HT. The red solid line represents the
estimated adjusted OR, while the shaded area indicates the 95% confidence interval. The dashed line represents an odds ratio or risk ratio of 1.0.
Panel (i) shows the spline curve for univariate regression, while panel (ii) presents the spline curve adjusted for age and gender.
TABLE 3 Threshold effect analysis of SUA and HT in the non-diabetic population.

Outcome Adjusted OR (95% CI) P-value

Model 1 Fitting by standard linear model 0.997 (0.996-0.999) 0.01

Model 2 Fitting by three-piecewise linear model

Reference interval (359.0-540.0 mmol/L) [Reference]

Lower (< 359.0 mmol/L) 2.043 (1.405-3.019) <0.001

Higher (> 540.0 mmol/L) 2.369 (0.998-4.999) 0.034

P for log-likelihood ratio 0.003
F
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Adjusted for age and sex.
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barrier function, and is even closely associated with the occurrence

and progression of multisystem diseases.

HT is characterized by the infiltration of inflammatory cells

into the thyroid gland and the production of antibodies against

thyroid-specific antigens, which triggers a persistent state of

immune inflammation (26). Chronic inflammation leads to

progressive destruction and fibrosis of follicular cells, ultimately

resulting in hypothyroidism. Recent studies suggest (35) that

oxidative stress is a primary molecular driver of tissue damage

and has garnered significant attention in the pathogenesis of

autoimmune and inflammatory diseases. Under the influence of

environmental and genetic factors, lymphocytes (36) participate

in the pathogenesis of autoimmune diseases by producing

autoantibodies and ROS.

Research by Virili et al. (37) has indicated that in patients with

HT, transmission electron microscopy reveals changes in

microvillus thickness and increased spacing between adjacent

microvilli, along with ultrastructural morphological changes in

the epithelial cells of the distal duodenum. Several studies (37, 38)

have also found a close relationship between gut microbiota and

thyroid function, as well as the risk of HT.

Approximately 30-40% (39) of SUA is excreted via the gut.

Recent studies have suggested that gut clearance defects (40) are one

of the significant causes of HUA, highlighting the important role of

gut microbiota (41) in regulating UA metabolism. Research by Li,

Tianhe et al. (42) has confirmed the feasibility of alleviating

endocrine diseases by improving gut microbiota to reduce gut

oxidative stress. UA is closely related to nutrition, immune

inflammation, oxidative stress and gut microbiota, and these

critical biological characteristics position UA as a key player in

the pathogenesis of various diseases (43, 44).

In our study, we observed that SUA levels within a specific

range (359-540 mmol/L) were significantly associated with a lower

risk of HT. Therefore, maintaining SUA levels within this reference

range may help reduce the incidence of HT, which is potentially

linked to mechanisms involving oxidative stress and gut microbiota.

This finding could provide important clinical recommendations for

the prevention and management of HT.
5 Limitations

This study is a large-sample, single-center cross-sectional

investigation; however, it does have some limitations. For instance,

the sample size is relatively small, and the study population is drawn

from a specific region and ethnic group, which may limit the

generalizability of the findings. Additionally, the study did not

consider individual-specific disease-related information, which could

introduce bias into the results. Another limitation is that thyroid

function was not categorized or analyzed in detail, as we considered

immune dysregulation to be the primary driver of metabolic

abnormalities. However, thyroid dysfunction could potentially

amplify the effects of immune factors, or abnormal thyroid function

itself may serve as an indicator of immune factor severity. This is an

important aspect worth further discussion, which could lead to a more
Frontiers in Endocrinology 0643
comprehensive understanding of the relationship between thyroid

function, immune factors and metabolic disturbances.
6 Conclusion

This study is the first to explore the relationship between metabolic-

related indicators and HT in a non-diabetic population. We found a

significant non-linear U-shaped relationship between UA levels and the

risk of HT. Specifically, lower risk of HT was significantly associated

with UA levels within the range of 359-540 mmol/L. Our results suggest

that maintaining UA levels within the reference range may help reduce

the incidence of HT, potentially linked to mechanisms involving

oxidative stress and gut microbiota regulation.

Despite limitations such as the relatively small sample size and

the specificity of the regional and ethnic population, these findings

provide important clinical insights for the prevention and

management of HT. They emphasize the potential role of SUA in

endocrine diseases, warranting further research and validation.
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Postprandial triglyceride levels
affecting postprandial thyroid
stimulating hormone levels may
be responsible for the increased
postprandial thyroid stimulating
hormone levels in people with
reduced lipid tolerance
Peipei Tian1,2,3, Shaojing Zeng4, Yilin Hou1,2, Dandan Liu1,2,5,
Yamin Lu6 and Guangyao Song1,2*

1Department of Internal Medicine, Hebei Medical University, Shijiazhuang, Hebei, China, 2Hebei Key
Laboratory of Metabolic Diseases, Hebei General Hospital, Shijiazhuang, Hebei, China, 3Department of
Endocrinology and Metabolism, Cangzhou Central Hospital, Cangzhou, Hebei, China, 4Department of
Endocrinology, Hebei General Hospital, Shijiazhuang, Hebei, China, 5Department of Endocrinology,
Baoding First Central Hospital, Baoding, Hebei, China, 6Department of Nuclear Medicine, Hebei
General Hospital, Shijiazhuang, Hebei, China
Objective: In this study, we aimed to explore the relationship between

postprandial triglyceride (TG) and postprandial thyroid stimulating hormone

(TSH) levels and compare the postprandial TSH levels in participants with

normal lipid tolerance and reduced lipid tolerance.

Methods: A total of 81 eligible participants were enrolled and given a high-fat

meal of 1500 kcal, and blood samples were collected at 2, 4, 6, and 8 hours.

Fasting blood glucose, total cholesterol, high-density lipoprotein cholesterol,

low-density lipoprotein cholesterol, and fasting and postprandial TG,

triiodothyronine (T3), tetraiodothyronine (T4), and TSH levels were tested.

Based on the postprandial serum TG level, participants were divided into the

normal lipid tolerance group (NFT) and the decreased lipid tolerance group (IFT).

Results: Postprandial TG levels increased in both the NFT and IFT groups and

then decreased over time. A higher and delayed peak of postprandial TG was

observed in the IFT group, and there were statistically significant differences in TG

levels at each time point in both groups. The area under the curve (TGAUC) was

an independent influencing factor for the area under the curve (TSHAUC) of TSH.

Postprandial TSH levels in both groups reached a trough at 2 h and peaked at 6 h,

with a higher peak in the IFT group. Except for 2 h, TSH levels were significantly

different at all other time points. There was no statistically significant difference in

T3 or T4 levels between the two groups, with opposite trends for TSH.
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Conclusion: After a high-fat meal is consumed, the postprandial TSH level is

influenced by the postprandial TG level, which may be the reason for the

decreased thyroid function in the population with reduced lipid tolerance.

Clinical Trial Registration: http://www.chictr .org.cn/index.aspx ,

identifier ChiCTR1800019514.
KEYWORDS

triglyceride, thyroid stimulating hormone, high-fat meal, oral fat tolerance test, normal
fat tolerance, impaired fat tolerance
Introduction

Hypothyroidism is a common pathological state associated with

thyroid hormone deficiency and includes subcl inica l

hypothyroidism (SCH) and overt hypothyroidism. SCH is defined

as elevated serum thyroid-stimulating hormone (TSH) and free

thyroxine (FT4) levels within the lower limit of the normal range.

Numerous studies have indicated that SCH is an independent risk

factor for cardiovascular diseases (1–6). Some studies have indicated

(7–9) that thyroid hormones are associated with various metabolic

abnormalities, even at the lower end of the normal range, suggesting

that it is crucial to identify the potential factors affecting thyroid

function early. Although autoimmune diseases are commonly

recognized causes of thyroid dysfunction, the risk factors that

trigger hypothyroidism are not well understood. Therefore, further

research on the etiology of SCH is warranted. Jankovic et al. (10)

observed that obese patients with hypertriglyceridemia exhibit

elevated TSH levels, which significantly decrease after serum

triglyceride (TG) levels decrease following bariatric surgery. A

previous study (11) showed a positive correlation between

hyperlipidemia and the risk of SCH. In a prospective study, an

exploratory analysis of the relationship between the components of

metabolic syndrome and decreased thyroid function in participants

with and without metabolic syndrome showed that metabolic

syndrome increased the risk of developing SCH. An analysis of the

individual components of metabolic syndrome revealed that high

TG levels were associated with an increased risk of SCH (12). These

studies suggest that thyroid function in patients with

hypertriglyceridemia may be adversely affected by lipotoxicity. In

populations with abnormal lipid metabolism, lipids have long-term
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effects, and exploring the relationship between abnormal lipid

metabolism and the risk of developing SCH is crucial for the

prevention and effective management of SCH. In recent years,

many studies have shown that postprandial TG levels are closely

associated with type 2 diabetes and cardiovascular disease (13–15).

An increasing number of researchers are focusing on the importance

of postprandial TG. However, previous studies have been based on

the effect of fasting TG levels on thyroid function. Research has also

indicated that, in normal individuals, TSH levels decrease 2

hours after a meal (16–18). It is unclear whether postprandial

serum TG levels are related to postprandial serum TSH levels and

whether postprandial TSH levels differ in different lipid tolerance

populations. Therefore, this study aimed to observe the relationship

between postprandial TG levels and postprandial TSH levels by

performing a lipid tolerance test in volunteers with normal fasting

TG and thyroid hormone levels. This study also aimed to compare

postprandial TSH levels between participants with normal lipid

tolerance and those with reduced lipid tolerance.

Materials and methods

Study sample

This study included volunteers aged 25–70 years from the

endocrinology outpatient department of Hebei General Hospital

from May 2018 to December 2019. This study was approved by the

Ethics Committee of Hebei General Hospital (Approval No.: 2018 No.

2, Date: February 26, 2018) and registered with the Chinese Clinical

Trial Registration Center (Registration No.: ChiCTR1800019514). All

volunteers signed informed consent forms and completed

questionnaires as required.
Exclusion criteria

Vegetarians; individuals with hyperthyroidism and

hypothyroidism, diabetes, heart disease, kidney disease, malignant

tumours, acute or chronic blood diseases, and infectious diseases;

those with a family history of endocrine-related diseases, such as

familial hypercholesterolaemia; individuals currently taking
frontiersin.org
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medications that affect glucose and lipid metabolism or

inflammation (fish oil, contraceptives, hormones, beta-blockers,

diuretics, hypoglycaemic drugs, and lipid-lowering drugs); and

those who had experienced stroke, pregnancy, mental disorders,

surgery, trauma, or weight changes >3 kg within the past 3 months.
Oral fat tolerance test

All participants were instructed to follow a normal diet for 1

week and abstain from foods high in fat and protein (a list of foods

to avoid was provided to all participants 1 week before the test). The

participants began fasting at 22:00 on the day before the oral fat

tolerance test (OFTT) and continued until 08:00. Participants were

asked to consume a high-fat meal within 10 minutes, and during the

8-hour test period, they were allowed to drink water freely but were

prohibited from smoking, eating, or engaging in strenuous exercise.

Blood samples were collected before the high-fat meal and 2, 4, 6,

and 8 hours after the meal. The high-fat meal had a total caloric

content of 1500 kcal, with fat accounting for 60% (900 kcal)

(monounsaturated fatty acids, polyunsaturated fatty acids:

saturated fatty acids ratio = 2:2:1), carbohydrates for 20% (300

kcal), and protein for 20% (300 kcal). The production of the high-fat

meal was completed by the nutrition department of our hospital.
Laboratory assays

Body mass index (BMI), systolic blood pressure(SBP), and

diastolic blood pressure(DBP) of the participants were uniformly

measured by the same physician. The serum levels of fasting blood

glucose (FBG), TG, total cholesterol (TC), high-density lipoprotein

cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C),

triiodothyronine (T3), thyroxine (T4), TSH and the postprandial

serum levels of TG, T3, T4 after a high-fat meal were measured by a

fully automated biochemical analyser.
Definitions of clinical conditions

Definition of normal fasting TG level: According to the

“Guidelines for the Prevention and Treatment of Dyslipidemia in

Chinese Adults (Revised 2016)”, a fasting TG level<1.7 mmol/L is

defined as normal fasting triglycerides (19).

Definition of postprandial TG elevation: Based on the

consensus recommendations of the 2011 Greek Conference, a TG

level >2.5 mmol/L 4 hours after a high-fat meal load was defined as

postprandial hypertriglyceridaemia (20).
Grouping of subjects

Participants were divided into two groups: normal fat tolerance

group (NFT): (Fasting TG <1.7 mmol/L, postprandial 4-hour TG

≤2.5 mmol/L) and impaired fat tolerance group (IFT): (Fasting TG

<1.7 mmol/L, postprandial 4-hour TG >2.5 mmol/L).
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Statistical analysis

Statistical analysis was performed using SPSS 25.0 software.

Normally distributed continuous data were expressed as mean ±

standard deviation, and non-normally distributed continuous data

were expressed as median (interquartile range). The trapezoidal rule

was used to calculate the AUC. The change in TG (△TG) was

defined as the difference between the postprandial 4-hour value and

the fasting value, and the change in TSH (△TSH) was defined as

the difference between the postprandial 6-hour value and the fasting

value. Two-way multilevel repeated-measures analysis of variance

was used to analyse the data between groups. One-way repeated-

measures analysis of variance was used to analyse the data within

each group. Between-group comparisons were performed using the

t-test for normally distributed data with equal variance; otherwise,

non-parametric tests were used. Pearson’s correlation analysis was

used to assess the strength of the association between normally

distributed variables; otherwise, Spearman’s correlation analysis

was used. Statistical significance was set at P < 0.05. Multiple

linear regression analysis of the relationship between TGAUC

and TSHAUC. We used PASS 2021 (v21.0.3) software to test the

sample size and analysis a power.
Results

Comparison of baseline data between
two groups

A total of 81 volunteers met the inclusion criteria. There were 45

participants (21 men and 24 women) in the NFT group and 36 (14

men and 22 women) in the IFT group. We used PASS 2021

(v21.0.3) software with a significance level of a =0.05. The sample

size of the NFT group was 45, and that of the IFT group was 36 (4 h,

6 h, and 8 h). The minimum difference between the values was input

into the software for calculation. The results showed that the sample

size of this study achieved a power of 91.40%, which is higher than

the required 90%. Therefore, our sample size was sufficient.

BMI, SBP, DBP, FBG, TG, 4-hour postprandial triglycerides

(4hTG), HDL-C and TSH levels were significant differences in two

groups (P < 0.05). We did not observe any significant differences in

age, sex, TC, LDL-C, T3, T4, triiodothyronine area under the curve

(T3AUC), and thyroxine area under the curve (T4AUC) between

the two groups (P > 0.05) (Table 1).
Comparison of the Serum TG levels
between two groups during the OFTT

Postprandial TG levels in the NFT and IFT groups increased

over time. The NFT group reached peak TG levels at 2 hours

postprandially, while the IFT group reached peak TG levels at 4

hours postprandially. There were statistically significant differences

in TG levels between the two groups at all time points (P < 0.001).

The TGAUC were also significantly different between the two

groups (P < 0.001). Repeated-measures analysis of variance
frontiersin.org
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showed that the changes in postprandial TG levels over time were

statistically different between the two groups (P < 0.001), and there

were statistically significant differences between the two groups (P <

0.05). △TG and TGAUC in the IFT group were higher than those

in the NFT group, with statistical significance (P < 0.001).

Individuals with reduced fat tolerance exhibit a delayed peak time

and higher peak values of postprandial TG after consuming a high-

fat meal than those with normal fat tolerance (Table 2, Figure 1A).
Comparison of the Serum TSH levels
between two groups during the OFTT

Postprandial TSH levels in both NFT and IFT groups initially

decreased, reaching a nadir at 2 hours, and then increased, peaking at

6 hours, with the IFT group showing a higher peak. Compared with

the NFT group, except for the 2-hour mark, there were statistically

significant differences in TSH levels at all other time points in the IFT

group (P < 0.05).△TSH and TSHAUC in the IFT group were higher

than those in the NFT group, with statistical significance (P < 0.001).

Repeated-measures analysis of variance indicated that the changes in

postprandial TSH levels over time were statistically different between

the two groups (P < 0.05), and there were statistically significant

differences between the two groups (P < 0.05) (Table 3, Figure 1B).
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Comparison of the Serum T3 and T4 levels
between two groups during the OFTT

Postprandial T3 and T4 levels in both NFT and IFT groups

initially increased, peaked at 2 hours, and then decreased, reaching a

nadir at 6 hours. Repeated-measures analysis of variance showed

that the changes in postprandial T3 and T4 over time were

statistically different all the two groups (P < 0.05); however, there

were no statistically significant differences in the comparison

between two groups. There were also no differences in

triiodothyronine area under the curve (T3AUC) and thyroxine

area under the curve (T4AUC) between the two groups (P > 0.05)

(Tables 4, 5, Figures 1C, D).
Relationship between TGAUC and TSHAUC

There was a positive correlation between TGAUC and

TSHAUC in both groups (r = 0.386, P < 0.05). Univariate linear

regression analysis showed that TGAUC was a influencing factor

for TSHAUC (P < 0.01). After adjustment for age, sex, BMI, SBP,

DBP, FBG and TC, multiple linear regression analysis showed that

TGAUC was an independent influencing factor for TSHAUC(P

< 0.001).
TABLE 1 Comparison of baseline data between two groups.

Total (n=81) NFT (n=45) IFT (n=36)

Age (year) 38.00 (27.50,53.50) 32.00 (28.00,51.00) 45.50 (27.00,56.25)

Male,n (%) 35 (43.2%) 21 (46.7%) 14 (38.9%)

BMI (kg/m2) 25.89 ± 3.77 23.61 ± 3.24 25.88 ± 3.77 *

SBP (mmHg) 126.31 ± 15.98 116.36 ± 14.34 126.31 ± 15.98 *

DBP (mmHg) 77.17 ± 8.59 73.11 ± 8.83 77.17 ± 8.59 *

FBG (mmol/L) 5.58 ± 0.85 5.16 ± 0.51 5.58 ± 0.85 *

TC (mmol/L) 4.63 ± 0.97 4.46 ± 0.91 4.63 ± 0.97

TG (mmol/L) 1.30 ± 0.25 0.90 ± 0.25 1.30 ± 0.25 **

4hTG (mmol/L) 3.34 ± 0.66 1.59 ± 0.45 3.34 ± 0.66 **

HDL-C (mmol/L) 1.18 ± 0.27 1.32 ± 0.27 1.18 ± 0.27 *

LDL-C (mmol/L) 2.99 ± 0.66 2.74 ± 0.69 2.99 ± 0.66

T3 (nmol/L) 1.64 ± 0.30 1.61 ± 0.23 1.64 ± 0.30

T4 (nmol/L) 89.09 ± 20.20 91.35 ± 16.00 89.09 ± 20.20

TSH (uIU/mL) 1.82 (1.38,2.34) 1.52 (0.99,2.02) 1.82 (1.38,2.34) *
*P<0.05, compared with NFT group. **P<0.001, compared with NFT group.
TABLE 2 Comparison of the Serum TG levels between two groups during the OFTT.

TG (mmol/L) 0h 2h 4h 6h 8h △TG TGAUC

NFT 0.90 ± 0.25 1.64 ± 0.50 1.59 ± 0.45 1.53 ± 0.51 1.36 ± 0.57 0.74 ± 0.44 11.78 ± 2.86

IFT 1.30 ± 0.25 ** 2.51 ± 0.56 ** 3.34 ± 0.66 ** 3.09 ± 1.18 ** 2.43 ± 1.14 ** 2.04 ± 0.66** 21.60 ± 4.59 **
*P<0.05, compared with the NFT group at different time points, **P<0.001, compared with the NFT group at different time points.
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Discussion

With improvements in living standards, the prevalence of

hyperlipidemia keeps increasing. Clinically, the lipid metabolism

state of the human body is often determined by the fasting blood

lipid level. However, during most of the day, the body is in the

postprandial state, so the detection of fasting blood lipids does not

reflect the overall picture of lipid metabolism. In recent years, many
Frontiers in Endocrinology 0550
studies have shown that postprandial TG levels are closely

associated with type 2 diabetes and cardiovascular disease (13–

15). An increasing number of researchers are focused on the

importance of postprandial TG. Based on the importance of

postprandial TG, we used the oral fasting tolerance test to

observe the changes in postprandial TG levels over time in

participants with normal fasting TG levels after eating a high-fat

meal to observe the overall lipid metabolism status.
TABLE 3 Comparison of the Serum TSH levels between two groups during the OFTT.

TSH (uIU/mL) 0h 2h 4h 6h 8h △TSH TSHAUC

NFT 1.52 (1.00,2.02) 1.31 (1.00,1.72) 1.39 (1.04,1.82) 1.36 (1.10,2.07) 1.37 (1.00,1.68) -0.02 (-0.30,-0.21) 10.84 (8.36,14.39)

IFT 1.82 (1.38,2.34)* 1.36 (1.05,2.08) 1.85 (1.51,2.30)** 2.18 (1.72,2.93)** 1.94 (1.47,2.52)** 0.38 (0.12,0.85) ** 16.25 (11.79,20.31)**
*P<0.05, compared with the NFT group at different time points, **P<0.001, compared with the NFT group at different time points.
TABLE 4 Comparison of the Serum T3 levels between two groups during the OFTT.

T3 (nmol/L) 0h 2h 4h 6h 8h

NFT 1.61 ± 0.23 1.68 ± 0.21 1.58 ± 0.19 1.55 ± 0.17 1.65 ± 0.17

IFT 1.64 ± 0.30 1.70 ± 0.26 1.67 ± 0.22 1.62 ± 0.21 1.73 ± 0.23
FIGURE 1

(A) Comparison of the Serum TG levels between two groups during the OFTT. (B) Comparison of the SerumTSH levels between two groups during
the OFTT. (C) Comparison of the Serum T3 levels between two groups during the OFTT. (D) Comparison of the Serum T4 levels between two
groups during the OFTT. *P<0.05, compared with the NFT group at different time points. **P<0.001, compared with the NFT group at different
time points.
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The first important finding of our study was that TG levels were

increased postprandially in participants in both groups. Compared

with the NFT group, even though the fasting TG level in the ITF

group was normal, the postprandial TG peak was higher and

delayed. The △ TG and TG AUCs were also significantly higher

than those of the NFT group. These findings suggest that a reduced

lipid tolerance is hidden in individuals with normal fasting TG

levels, which is an early stage of lipid metabolism disorder.

Therefore, in our clinical work, attention should be paid to

identifying patients with lipid metabolism disorders in the early

stage, which has important guiding significance for the prevention

and management of hyperlipidemia and its complications.

Previous clinical studies have shown that fasting TSH levels are

also elevated in individuals with a high fasting TG-emia, compared

with those with normal fasting TG levels (10–12). However, all

previous studies were based on fasting TG levels, and no study has

investigated the effect of postprandial TG on postprandial TSH

levels. Based on the significance of postprandial TG, we observed

the relationship between postprandial TG levels and postprandial

TSH levels in individuals with normal fasting TG levels.

The second important finding of our study was that TGAUC

was an independent influencing factor of TSHAUC and was

positively correlated. There were statistically significant differences

in BMI, SBP, DBP, and FBG between the two groups, and

abnormalities in these indicators are often present in people with

lipid metabolism disorders, which may be potential factors affecting

TSH secretion. Therefore, after we further corrected for these

potential confounders, we found that TGAUC remained an

independent influencing factor for TSHAUC. This suggests that

the postprandial TSH levels are influenced by the postprandial

TG levels.

Some studies on organ damage caused by lipotoxicity have

confirmed that excessive dietary fat intake triggers ectopic lipid

deposition, leading to cellular function damage, also known as

“lipotoxic damage.” This interferes with the endocrine system and

leads to the development of diseases, such as thyroid disease,

especially hypothyroidism (21–23). Shao Shanshan et al. (24)

found that when rats consumed a diet containing high-fat lard for

some time, serum TSH level was significantly increased, serum T4

and FT4 levels were significantly decreased, and serum T4 level was

negatively correlated with serum TG level. The team also found that

the TG content in the thyroid was significantly increased, the

morphology and ultrastructure of the thyroid were changed, and

the protein expression level related to thyroid hormone synthesis

decreased. These findings suggest that lipotoxicity may be involved

in the development of thyroid dysfunction. MinHee Lee et al. (25)

found that all three mice showed varying degrees of primary

hypothyroidism after receiving a high-fat diet for some

time. Lipid deposition and ultrastructural changes, including
Frontiers in Endocrinology 0651
endoplasmic reticulum swelling and mitochondrial deformation

of thyroid cells, were observed in thyroid tissue. These findings

indicated that high-fat diet-induced lipotoxicity damages thyroid

tissue and participates in the development of thyroid dysfunction.

In a mechanistic study of high-fat diet-induced hypothyroidism in

rats by Wang et al. (26), it was found that endoplasmic reticulum

stress occurred in rat thyroid cells, which reduced the expression

level of thyroglobulin, a key molecule of thyroid hormone synthesis.

The research team also produced the same results using a palmitate-

induced high-fat model of human primary thyrocytes. This

evidence indicates that the high-fat diet-induced lipotoxicity can

change the thyroid morphology, increase the endoplasmic

reticulum stress, and promote a decline in thyroid function.

These findings strongly support our results, and we further

identified that the postprandial TG levels affect the postprandial

TSH level based on previous studies. This study fills the gap in

the effect of postprandial TG on postprandial TSH levels and

further explores the effects of lipid metabolism disorders on

thyroid function.

The third important finding of our study was that the

postprandial TSH levels in both groups reached a trough at 2 h

and peaked at 6 h, with the opposite trend of T3 and T4 levels and

TSH. All the postprandial TSH levels reached a trough at 2 h, which

is consistent with the findings of previous studies. TSH secretion

primarily depends on two factors: thyrotropin-releasing hormone

and somatostatin; the former stimulates TSH secretion, while the

latter inhibits it (27). A study by Ehrenkranz et al. based on large-

scale laboratory data showed significant diurnal rhythmic changes

in circulating TSH levels. Despite the pulsatile secretion of TSH, the

low amplitude of pulses and long half-life of TSH result in only

minor fluctuations in blood TSH levels (28). One possible reason for

the acute decline in TSH postprandially is the suppression of TSH

secretion due to an increase in circulating somatostatin levels

induced by food (29). After consuming a high-fat meal, the levels

of lipoproteins rich in TG, such as chylomicrons and very-low-

density lipoproteins, increase in the body; thyroid hormones can

hydrolyze TG-rich lipoproteins by regulating the activity of

lipoprotein lipase, thereby reducing circulating TG levels (30).

Thyroid hormones also participate in the regulation of the rate-

limiting enzyme CPT-1a in fatty acid b-oxidation by inducing the

activation of Akt, thus reducing circulating levels of fatty acids and

TG (31). Therefore, after a high-fat meal is consumed, the increase

in TG-rich lipoproteins in the body prompts the thyroid to respond

to the next step of fat metabolism, with the secretion of T3 and T4

increasing 2 h postprandially. This leads to a transient decrease in

TSH levels through negative feedback regulation, which may be

another important reason for the decrease in postprandial TSH

levels. Surprisingly, we found that TSH levels peaked at 6 h after the

meal, and T3 and T4 reached their lowest values. TGAUC is an
TABLE 5 Comparison of the SerumT4 levels between two groups during the OFTT.

T4 (nmol/L) 0h 2h 4h 6h 8h

NFT 91.35 ± 16.00 95.02 ± 16.64 91.47 ± 15.63 86.50 ± 20.01 95.07 ± 16.93

IFT 89.09 ± 20.20 93.59 ± 24.03 92.79 ± 19.55 87.99 ± 19.70 99.85 ± 20.10
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independent influencing factor of TSHAUC and is positively

correlated, which indicates that the increase in postprandial TSH

levels is influenced by increased postprandial TG levels. We

speculate that after a high-fat meal, the circulating TG levels

increase, and the demand for thyroid hormones involved in fat

metabolism increases. Consequently, the consumption of T3 and T4

increases, causing their levels to reach their lowest values. This

triggers negative feedback regulation, leading to increased TSH

secretion, which explains the observed peak.

The fourth and most important finding of our study was that the

postprandial peak TSH, △ TSH, and TSHAUC were significantly

higher in the IFT group than in the NFT group. This indicates that

participants in the IFT group had a trend towards hypothyroidism.

Based on the conclusions of previous studies on the mechanism of

lipotoxic damage to thyroid function and the conclusion of this study

that postprandial TG levels affect postprandial TSH levels, it can be

speculated that TG clearance is slowed down after high-fat meals are

consumed. This continuous postprandial high TG state can aggravate

the thyroid damage caused by lipotoxicity and lead to

hypothyroidism. This suggests that we should not only focus on

thyroid function in people with elevated fasting TG levels but also on

thyroid function in people with early lipid metabolism disorders with

normal fasting TG levels but elevated postprandial TG levels. The

findings of our study provide an important clinical basis for the

effective prevention and management of SCH.

With the improvement in living standards, the prevalence of

hyperlipidemia is increasing. Previous studies have emphasized that

people with elevated fasting TG are prone to hypothyroidism. Based on

previous studies, we further found that in individuals with normal

fasting TG levels, the hidden individuals with elevated postprandial TG

levels are those with early lipid metabolism disorders, and their fasting

and postprandial TSH levels are also higher than those of individuals

with normal postprandial TG levels, who are prone to hypothyroidism.

This prompts us to pay attention to identifying people with early lipid

metabolism disorders and their thyroid function. This has important

clinical implications for early detection and better management of lipid

metabolism disorders and hypothyroidism.

Some limitations of this study need to be addressed. First, this

study is our initial exploration of the effect of postprandial TG levels

on postprandial thyroid function. Due to our limited experimental

conditions and the sample size not being large enough, we will expand

the sample size in the future to further validate this study’s results.

Second, there is no mechanistic study carried out in this study. The

next step will consider animal and cell experiments for an in-depth

analysis of the interaction relationship and the potential mechanisms.

In conclusion, our study shows that after a high-fat meal is

consumed, postprandial TSH levels are influenced by postprandial

TG levels. The decrease in lipid tolerance not only decreases TG

clearance ability but also decreases thyroid function. This is the first

study in which an oral fasting tolerance test was used to identify

higher fat postprandial TG levels and higher postprandial TSH

levels in people with early lipid metabolism disorders than in those

with normal lipid metabolism. Our findings have important clinical

implications for the effective prevention and management of lipid

metabolism disorders and hypothyroidism.
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Effect of thyroid stimulating
hormone on the prognosis
of coronary heart disease
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Zuyi Yuan1,2,3*, Yue Wu1,2,3* and Ting Li1,2,3*

1Department of Cardiovascular Medicine, The First Affiliated Hospital, Xi’an Jiaotong University, Xi’an,
Shaanxi, China, 2Key Laboratory of Molecular Cardiology, Xi'an Jiaotong University, Xi’an,
Shaanxi, China, 3Key Laboratory of Environment and Genes Related to Diseases, Ministry of Education,
Xi’an, Shaanxi, China, 4Department of Gastroenterology, Xi’an Central Hospital, Xi’an Jiaotong
University, Xi’an, Shaanxi, China
Introduction: Clinical studies have shown that thyroid stimulating hormone

(TSH) is associated with increased cardiovascular disease risk and mortality.

Even within normal ranges, elevated TSH levels have an impact on the

cardiovascular system and have been associated with cardiac dysfunction. The

aim of our study was to evaluate the predictive value of admission fasting serum

TSH levels in patients with coronary heart disease in relation to long-term major

adverse cardiovascular events (MACE) and all-cause mortality.

Method: A total of 3515 patients with coronary heart disease who met the

inclusion criteria were divided into four groups according to the quantile of TSH

levels: Group 1 (TSH, 0.34-1.02 mIU/L, n=878); Group 2 (TSH, 1.03-1.71 mIU/L,

n=886); Group 3 (TSH, 1.72-2.84 mIU/L, n=880); and Group 4 (TSH, 2.86-5.50

mIU/L, n=873). MACE and all-cause mortality were also compared. TSH

concentrations associated with the risk of MACE, all-cause mortality were

assessed using continuous scales (restricted quartic splines) and Cox

proportional hazards regression models.

Results: A total of 3515 patients with coronary heart disease were eligible for

analysis. At a median follow-up of 70 months, patients in group 2 had a lower

incidence of MACE compared to the other three groups. All-cause mortality was

lower in the 3rd group. Restricted quartic spline analysis also revealed that TSH

concentrations were associated with heart failure risk.

Discussion: TSH levels have predictive value for adverse cardiovascular events

and heart failure in patients with coronary heart disease.
KEYWORDS

thyroid stimulating hormone, coronary-heart-disease, major adverse cardiovascular
events, mortality, prognosis
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GRAPHICAL ABSTRACT
Introduction

Coronary heart disease (CHD), the main cause of ischemic heart

disease, is one of the major cardiovascular diseases threatening the

global human health. In 2019, heart disease was the top cause of

disability-adjusted life year in the 50-year-and-older age group (1, 2).

CHD progression is dynamic and unpredictable and can accidentally

lead to major adverse cardiovascular events (MACE), such as

myocardial infarction (MI), revascularization, heart failure, stroke

and cardiovascular death. It is particularly concerning that patients

remain at high risk of MACE despite revascularization and optimal

secondary prevention according to the current guidelines (3–6).

Thus, additional risk stratification models, including sensitive

biomarkers and clinical indicators, are needed to identify high-risk

patients for accurate secondary prevention of CHD.

The role of thyroid hormones in triggering and exacerbating

potential cardiovascular disease has been increasingly recognized, and

the use of thyroid function status as a new risk factor for

cardiovascular events has attracted increasing attention (7–10).

Previous studies have reported that minor fluctuations in thyroid

hormone levels have a detrimental impact on the cardiovascular

system (11–13). TSH levels are the most sensitive indicator of thyroid

function. TSH levels are correlated with an increased risk of

cardiovascular morbidity and mortality (14–18). Recent studies

have also indicated that even TSH concentrations within normal

range may have influence on cardiovascular outcomes. In particular,

persistent hypothyroidism leads to increased endothelial dysfunction
Frontiers in Endocrinology 0255
and decreased left ventricular function (19). In addition, TSH levels in

the upper part of the reference range are related to a worse

cardiovascular risk profile, including systolic and diastolic blood

pressure, body mass index, coronary or carotid atherosclerosis, and

a higher risk of mortality, MACE (HR, 1.06 per additional 1 mIU/L)

and heart failure (9, 13, 20, 21). In animal models, cells in the vascular

wall are directly influenced by thyroid hormones. A higher

triiodothyronine concentration leads to the relaxation of vascular

smooth muscle cells, upregulation of vascular resistance, dysfunction

of endothelial cells, and increased cardiac contractility (22–24). These

findings indicate that thyroid function status is a highly important

risk factor for predicting cardiovascular events.

To date, it is unclear whether TSH levels within the reference range

have predictive value for long-term prognosis in patients with chronic

coronary heart disease. In this study, we aimed to investigate the

association between normal TSH levels and the long-term incidence of

MACE and all cause mortality in patients diagnosed with CHD.
Methods

Study population

From January 2013 to July 2020, 4016 consecutive coronary artery

disease patients were admitted to the cardiology department of the

First Affiliated Hospital of Xi’an Jiaotong University. Only patients

with TSH levels within the reference range (0.34 to 5.50 mIU/L) were
frontiersin.org

https://doi.org/10.3389/fendo.2025.1433106
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Ding et al. 10.3389/fendo.2025.1433106
eligible for analysis. Patients were divided into four groups according to

the tertile of the TSH levels. The exclusion criteria consisted of 1)

missing thyroid function test results (n = 59); 2) abnormal thyroid

status and TSH above the reference range (n = 397); 3) prior or current

thyroid disease (including prior history, surgery, or drug therapy for

thyroid disease) (n = 132); and 4) receiving steroids and amiodarone

before admission (n = 44).

The detailed demographic, clinical, drug, hematologic, and

angiographic data were obtained from the medical records. The

demographic variables included respondent age, sex, race/ethnicity,

and education status. Smoking status; history of cancer, diabetes,

hypertension, or dyslipidemia; and receipt of a statin prescription

were self-reported. Weight and height were measured and used to

calculate body mass index (BMI; calculated as weight in kilograms

divided by height in meters squared).

Patients were treated according to standard clinical guidelines.

Our study was conducted in accordance with the Declaration of

Helsinki and was approved by the Ethics Committee of the First

Affiliated Hospital of Xi’an Jiaotong University. Written informed

consent was obtained from all study participants.

CHD was diagnosed on the basis of the presence of at least 50%

coronary stenosis in at least one major coronary artery

according to the CAG results assessed by at least two experienced

interventional cardiologists.
Thyroid function

Blood samples were collected within 24 h of hospital admission.

The thyroid function test included serum TSH, free triiodothyronine

(FT3), and free thyroxine (FT4) levels. The normal ranges for TSH

and FT4 were defined as 0.34 to 5.50 mIU/L and 0.6 to 1.6 ng/dL,

respectively. 3515 Participants with serum TSH and FT4
Frontiers in Endocrinology 0356
concentrations within the normal range were considered to be

euthyroid. Given the potential U-curve association between TSH

and MACE, a total of 3515 patients with coronary heart disease who

met the inclusion criteria were divided into four groups according to

the quantile of TSH levels: Q1 (TSH, 0.34-1.02 mIU/L, n=878); Q2

(TSH, 1.03-1.71 mIU/L, n=886; Q3 (TSH, 1.72-2.84 mIU/L, n=880;

and Q4 (TSH, 2.86-5.50 mIU/L, n=873) (Figure 1).
Outcome ascertainment

The primary endpoint was major cardiovascular adverse events

(MACE), including all-cause death, myocardial infarction,

revascularization, and heart failure. The secondary endpoints

included all-cause death and stroke. A myocardial infarction

event was defined as a nonfatal myocardial infarction or cardiac

or muscle infarction-related death diagnosed by symptoms and

signs; a revascularization event was defined as a secondary

hospitalization or death after percutaneous or cutaneous coronary

intervention or coronary artery bypass grafting; and a heart failure

event was defined as any heart failure-related hospitalization or

death. Stroke events were defined as hospitalization or death related

to ischemic or nonischemic stroke. The time to event was calculated

from the day of TSH measurement to the end of follow-up and the

date of death and MACE.
Statistical analysis

The mean and standard deviation were calculated for

continuous variables, and the proportion was calculated for

categorical variables in each category according to the TSH

concentration. Categorical variables are shown as frequencies and

percentages. The Shapiro–Wilk normality test was performed to
FIGURE 1

The study flowchart. CHD, coronary heart disease; TSH, thyroid-stimulating hormone(mIU/L=uIU/ml).
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test the normality of the data. The means of continuous variables

were compared using one-way analysis of the Kruskal–Wallis test.

Analysis was performed using SPSS 26 statistical analysis software.

ANOVA was used for comparisons between multiple groups, and

the rank-sum test was used for comparisons of variables with

uneven variance; categorical variables are expressed as frequencies

(percentages), and the c2 test or Fisher’s exact test was used.

Univariate and multivariate Cox regression models were used to

analyze the risk of composite cardiovascular adverse events and all-

cause death in patients with CHD with different thyroid function.

The Kaplan-Meier method was used to construct patient survival

curves and lines, and comparisons between groups were performed

with the log-rank test. The associations between TSH concentration

in the reference range and MACE events and all-cause mortality

were evaluated on a continuous scale with restricted cubic spline

curves based on Cox proportional hazards models with 4 nodes at

the 5th, 35th, 65th and 95th percentiles of TSH (25); restricted cubic

spline curves were rerestricted by sex stratification with 4 nodes at

the 5th, 35th, 65th and 95th percentiles of TSH by the R package.
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Results

Baseline data

A total of 3515 consecutive patients were enrolled and divided

into four groups according to the quartile of TSH levels: Q1 (TSH,

0.34-1.02 mIU/L, n=878), Q2 (TSH, 1.03-1.71 mIU/L, n=886), Q3

(TSH, 1.72-2.84 mIU/L, n=880) and Q4 (TSH, 2.86-5.50 mIU/L,

n=873)]. Age, sex ratio, current smoking status, hypertension

proportion, systolic blood pressure, STEMI proportion, and

thrombolysis proportion were significantly different among the

patients in the four groups. There were no differences in BMI,

history of diabetes, or history of any other diseases (Table 1).

Regarding laboratory tests, significant differences were found

among the four groups in terms of triglyceride concentration, HGB,

WBC, CK-MB, free thyroxine, CRP, and hs-cTnT. Except for the

use of ACEIs, there was no significant difference in medication

prescription among the four groups after hospitalization and

discharge (Table 1).
TABLE 1 Comparison of baseline data among the four groups [patients (%)].

Characteristic
TSH quartile mmol/L

P value
Q1 (<1.02) Q2 (1.02≤ ≤1.71) Q3 (1.71-2.84) Q4 (≥2.84)

N= 878 886 880 873

Age at randomization, year 61.4 (10.7) 60.5 (10.4) 61.4 (9.8) 62.7 (9.9) 0.0012

Female,n (%) 173 (19.7) 184 (20.8) 259 (29.4) 325 (37.2) <0.0001

Past medical history

Current smoker,n (%) 398 (45.3) 374 (42.2) 356 (40.5) 423 (48.5) 0.0041

Hypertension, n (%) 463 (52.7) 507 (57.2) 513 (58.3) 550 (63.0) 0.0003

Diabetes mellitus, n (%) 242 (27.6) 226 (25.5) 250 (28.4) 216 (24.7) 0.264

BMI, median (IQR), kg/m2 24.3 (3.3) 24.39 (3.0) 24.43 (3.2) 24.29 (3.0) 0.7803

Previous stroke, n (%) 61 (6.9) 51 (5.8) 39 (4.4) 58 (6.6) 0.1115

Renal insufficiency 36 (4.1) 31 (3.5) 34 (3.9) 42 (4.8) 0.5585

Heart failure 45 (5.1) 36 (4.1) 40 (4.5) 43 (4.9) 0.7287

History of atrial fibrillation, n (%) 32 (3.6) 28 (3.1) 34 (3.9) 34 (3.9) 0.8331

PCI (%) 102 (11.6) 96 (10.1) 119 (13.5) 100 (11.5) 0.3333

CABG (%) 4 (0.46) 4 (0.45) 3 (0.34) 1 (0.11) 0.5779

Clinical feature

Systolic blood pressure, mm Hg 128.1 (21.0) 130.7 (20.4) 130.9 (19.0) 134.6 (21.2) <0.0001

Diastolic blood pressure, mm Hg 77.4 (13.1) 77.2 (11.4) 76.54 (11.3) 77.7 (11.4) 0.2853

Killip classification

I (%) 601 (68.4) 493 (55.6) 474 (53.8) 446 (51.1) <0.0001

II (%) 171 (19.5) 223 (25.1) 256 (29.1) 226 (25.9) <0.0001

III (%) 16 (1.8) 20 (2.3) 28 (3.2) 32 (3.7) <0.01

IV (%) 7 (0.8) 7 (0.8) 2 (0.2) 9 (1.0) 0.2256

(Continued)
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Clinical outcome

The median follow-up time was 70 (interquartile range=60-82)

months, and the follow-up rate was 96.7%. Clinical adverse events

occurred in 910 (25.9%) patients. Interestingly, we found that both

elevated and low TSH levels within the normal range were

associated with increased mortality and incidence of MACE.

The lowest mortality, incidence of MACE and heart failure were

evident in Q2 patients. Besides, elevated TSH levels were also found to

be associated with a higher incidence of revascularization events. The

cardiac mortality rate was significantly lower in Q3 than in the other

three groups. There was no significant difference in the incidence of

myocardial infarction or stroke among the four groups (Table 2).

K-M survival curve analysis revealed lower survival without

composite adverse cardiovascular events in Q1, Q3, and Q4 patients

than in Q2 patients. (log-rank test, Q2 vs. Q1: P.adj=0.0363,
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HR=0.815; Q2 vs. Q3: P.adj=0.034, HR=0.813; Q2 vs. Q4:

P.adj<0.0001, HR=0.656) (Figure 2).
The TSH levels have independent
predictive value for MACE in patients

Cox regression analysis of risk ratios for adverse cardiovascular events

among patients in the four groups (Tables 3, 4): Cox multivariate

regression models adjusted for other covariates (including age (<60,

≥60), male sex, hypertension, diabetes status, smoking status, and Killip

class) showed that TSH in the upper part of the reference range was a

significant predictor of the long-term occurrence of MACE. The highest

TSH levels were associated with a greater risk of MACE than was the

highest TSH levels (HRQ4 = 1.462, 95% CI=1.255-1.816, P=0.003).

Moreover, patients with both a high TSH levels and a low TSH levels
TABLE 1 Continued

Characteristic
TSH quartile mmol/L

P value
Q1 (<1.02) Q2 (1.02≤ ≤1.71) Q3 (1.71-2.84) Q4 (≥2.84)

N= 878 886 880 873

Killip classification

EF, % (SD) 52.98 (10.56) 51.93 (9.38) 52.91 (9.93) 52.35 (9.22) 0.6025

STEMI (% ) 463 (52.7) 286 (32.3) 244 (27.7) 217 (24.9) <0.0001

Thrombolysis (% ) 133 (15.1) 82 (9.3) 85 (9.6) 80 (9.2) <0.0001

Laboratory examination

Fasting blood glucose, mmol/L (SD) 7.593 (3.4) 7.213 (3.4) 7.204 (3.5) 7.372 (3.8) 0.0691

Serum lipid

Total cholesterol 3.916 (0.94) 3.804 (0.94) 3.815 (0.95) 3.958 (0.98) 0.3423

LDL cholesterol 2.313 (0.8) 2.216 (0.8) 2.221 (0.8) 2.332 (0.8) 0.6168

HDL cholesterol 0.9761 (0.2) 0.9656 (0.2) 0.9691 (0.2) 0.9909 (0.2) 0.185

Triglycerides 1.588 (1.1) 1.600 (1.0) 1.676 (1.1) 1.779 (1.3) 0.0002

HGB,g/L (SD) 138.6 (18.8) 139.9 (16.7) 137.8 (16.4) 135.4 (16.8) <0.0001

WBC,10^9/L (SD) 8.547 (3.5) 7.156 (2.4) 6.964 (2.4) 6.849 (2.4) <0.0001

CK-MB U/L (SD) 56.22 (98.4) 27.92 (53.4) 23.24 (42.7) 22.9 (51.9) <0.0001

Scr umol/L (SD) 69.68 (31.0) 68.66 (42.3) 65.78 (26.0) 67 (20.2) 0.0195

Free thyroxine pmol/L, (SD) 4.406 (1.1) 4.606 (1.0) 4.6 (1.0) 4.608 (1.0) 0.0002

CRP,mg/L (SD) 4.99 (3.9) 3.31 (3.5) 3.17 (3.4) 3.17 (3.5) <0.0001

hsTnT,ng/mL (SD) 0.8273 (1.72) 0.3443 (0.79) 0.3253 (0.83) 0.3444 (0.96) <0.0001

Medication,n (%)

Aspirin 792 (90.2) 820 (92.6) 806 (91.6) 793 (90.8) 0.3339

Plavix 615 (70.0) 637 (71.9) 621 (70.6) 611 (70.0) 0.8003

b-Blocker 650 (74.0) 666 (75.2) 651 (74.0) 654 (74.9) 0.9156

ACEI/ARB 643 (81.2) 710 (86.6) 699 (86.7) 689 (86.9) 0.0015

Statin 775 (88.3) 805 (90.9) 804 (91.4) 792 (90.1) 0.1235
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hadan increasedriskofheart failurecomparedwithQ2individuals (HRQ1
= 1.654, 95% CI=1.066-1.792, P=0.014; HRQ3 = 2.019, 95% CI=1.303-

3.127, P=0.002; HRQ4 = 2.556, 95% CI=1.671-3.909, P=0.001).
There are sex differences in TSH levels for
predicting heart failure

We further utilized a restricted quartic spline to build a flexible

model, visually illustrating the relationship between TSH

concentrations within the reference range and MACE in patients

with CHD (Figure 3A). Elevated TSH levels, regardless of gender, were

strongly associated with an increased risk of MACE (Figures 4A, B).

A higher serum TSH concentration above the median was

linked to an increase in all-cause mortality, and mortality

continued to rise with increasing TSH levels (Figure 3B). Low

TSH concentrations were also associated with higher mortality,

though the differences between sexes were minimal (Figures 4C, D).

TSH levels in both the upper and lower regions of the reference

range were connected to an increased risk of heart failure

(Figure 3C). In females, lower TSH concentrations were

negatively associated with the risk of heart failure, while in males,
FIGURE 2

Kaplan-Meier survival curves without complex cardiovascular events
among the four groups. (log-rank test, Q2 vs. Q1: Padj=0.0363,
HR=0.815; Q2 vs. Q3: P.adj=0.034, HR=0.813; Q2 vs. Q4:
P.adj<0.0001, HR=0.656) HR indicates hazard ratio (The p-values
have already been adjusted using FDR).
TABLE 2 Comparison of clinical adverse events in the four groups during the 5-year follow-up.

Comparison of clinical adverse events in the four group after 5 years follow-up, patients(%)

Endpoint events Total (n=3517) Q1 (n=878) Q2 (n=886) Q3 (n=880) Q4 (n=873) P

MACE (%) 910 (25.9) 230 (26.2) 194 (21.9) 227 (24.7) 269 (30.8) 0.0004

All-cause mortailty 252 (7.2) 81 (9.2) 60 (6.8) 46 (5.2) 65 (7.5) 0.0124

cardiac death 209 (5.9) 72 (8.2) 43 (4.9) 41 (4.7) 53 (6.1) 0.0872

Myocardial infarction 138 (3.9) 37 (4.2) 34 (3.8) 30 (3.4) 37 (4.2) 0.7864

Revascularization 332 (9.4) 68 (7.7) 78 (8.8) 79 (9.0) 107 (9.0) 0.0236

Heart failure 262 (7.4) 60 (6.8) 38 (4.3) 79 (9.0) 95 (10.9) <0.0001

Stroke 134 (3.8) 29 (4.3) 30 (3.4) 40 (4.5) 35 (5.2) 0.4855
TABLE 3 Univariate Cox regression analysis was used to analyze the hazard ratio (HR) of different TSH levels on adverse cardiovascular events.

Univariate Cox regression analysis was used to analyze the hazard ratio of different levels of TSH on adverse
cardiovascular events

Endpoint events Q2 (n=886) Q1 (n=878) Q3 (n=886) Q4 (n=873)

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

MACE (%) 1 1.230 (1.016-2.164) 0.034 1.233 (1.018-1.494) 0.032 1.510 (1.255-1.816) <0.0001

All-cause mortailty 1 1.379 (0.987-1.927) 0.059 0.772 (0.526-1.133) 0.186 1.109 (0.781-1.575) 0.564

cardiac death 1 1.20 (0.808-1.237) 0.361 0.649 (0.407-1.035) 0.069 1.001 (0.660-1.517) 0.998

Myocardial infarction 1 1.202 (0.732-1.972) 0.467 0.893 (0.546-1.459) 0.65 1.116 (0.701-1.778) 0.644

Revascularization 1 0.872 (0.630-1.208) 0.411 1.041 (0.762-1.422) 0.801 1.430 (1.068-1.915) 0.016

Heart failure 1 1.669 (1.112-2.506) 0.013 2.127 (1.445-3.133) <0.001 2.678 (1.838-3.902) <0.0001

Stroke 1 0.976 (0.586-1.626) 0.925 1.369 (0.853-2.197) 0.194 1.208 (0.742-1.967) 0.448
HR indicates hazard ratio (According to the formula for Bonferroni-corrected p-values, the original p-value must be less than 0.167 to achieve significance).
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both high and low TSH concentrations were positively associated

with heart failure risk (Figures 4E, F).
Discussion

The present study assessed the impact of fasting serum TSH

levels at admission in patients with coronary heart disease on long-

term MACE and all-cause mortality (for a median follow-up of 70

months). The most important findings of the study can be
Frontiers in Endocrinology 0760
summarized as follows: 1). There was an increased risk of all-

cause mortality and MACE among patients in the higher TSH levels

group compared to patients in the other groups. 2). TSH in the

upper and lower regions of the reference range is an independent

predictor of increased risk of heart failure. 3). TSH is a risk factor for

MACE, and there are sex differences in HF.

This study revealed that a higher TSH levels were independent

predictor of MACE for patients with CHD, which is consistent with

the findings of several previous studies (21). Previous studies have

also reported that subclinical hypothyroidism is associated with an
TABLE 4 Cox multivariate regression analysis was used to analyze the hazard ratios (HRs) of different TSH levels for adverse cardiovascular events
(adjusted for age (<60, ≥60), male sex, hypertension, diabetes, smoking status, and Killip class (I and II, III and IV).

Univariate Cox regression analysis was used to analyze the hazard ratio of different levels of TSH on adverse
cardiovascular events

Endpoint events Q2 (n=886) Q1 (n=878) Q3 (n=886) Q4 (n=873)

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

MACE (%) 1 1.198 (0.968-1.482) 0.097 1.230 (0.995-1.521) 0.056 1.462 (1.189-1.79) 0.003

All-cause mortailty 1 1.383 (0.956-2.002) 0.086 0.742 (0.481-1.145) 0.178 1.093 (0.739-1.617) 0.657

cardiac death 1 1.258 (0.811-1.961) 0.305 0.657 (0.309-1.105) 0.113 0.914 (0.569-1.468) 0.374

Myocardial infarction 1 1.081 (0.629-1.856) 0.779 0.989 (0.573-1.708) 0.97 1.253 (0.743-2.112) 0.398

Revascularization 1 0.756 (0.523-1.093) 0.137 1.100 (0.784-1.544) 0.581 1.390 (1.009-1.916) 0.044

Heart failure 1 1.654 (1.046-2.616) 0.031 2.019 (1.303-3.127) 0.002 2.556 (1.671-3.909) 0.001

Stroke 1 0.993 (0.578-1.705) 0.979 1.234 (0.739-2.058) 0.421 1.169 (0.683-2.00) 0.569
HR indicates hazard ratio. (According to the formula for Bonferroni-corrected p-values, the original p-value must be less than 0.167 to achieve significance).
FIGURE 3

A restricted cubic spline regression model. (A) TSH with all-cause mortality; (B) TSH with MACE; (C) TSH with heart failure) The results were adjusted
for age, smoking status, cancer history, and estimated glomerular filtration rate. A restricted cubic spline regression model was constructed with 4
nodes at the 5th, 35th, 65th and 95th percentiles of TSH. The dotted lines represent the 95% confidence intervals for the spline model. The range of
TSH should be restricted to 0.34 to 6.5 mIU/L because predictions greater than 6.5 mIU/L (95th percentile) are based on too few data points. HR
indicates hazard ratio.
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increased risk of CHD events, CHD mortality and CHD severity in

individuals with higher TSH levels (20, 26–28).Even in patients with

CHD who underwent PCI, TSH levels in the upper part of the

reference range was also associated with an increased risk of

mortality after PCI (20). Some studies suggest that subclinical

hyperthyroidism, as identified by a reduced TSH level, is an

important risk factor for cardiac events, mortality, and the

development of atrial fibrillation (29). However, our study

revealed that there was no independent association between lower

TSH levels and cardiac events or mortality. The incidence of STEMI

and thrombolysis was greater in the baseline data of the lower TSH

group than in those of the other groups, which may have affected
Frontiers in Endocrinology 0861
the clinical prognosis of the patients. Thus, the correlation between

lower TSH levels and MACE disappeared after correction for

multivariate Cox analysis.

This study also revealed that the TSH levels within the upper

and lower limits of the reference range is an independent predictor

of an increased risk of heart failure. A population-based survey of

4,987 patients revealed that the elevated TSH levels were associated

with heart failure (30). Individual participant data analyses of

prospective cohort studies with 25390 participants from the

International Thyroid Studies Collaboration showed that heart

failure risk increased with both higher and lower TSH levels

(13).This finding is consistent with our findings.
FIGURE 4

A restricted cubic spline regression model was used for sex. (Female: (A) TSH with all-cause mortality; (C) TSH with MACE events; (E) TSH with heart
failure; Male: (B) TSH with all-cause mortality; (D) TSH with MACE events; (F) TSH with heart failure) The results were adjusted for age, smoking
status, cancer history, and estimated glomerular filtration rate. A restricted cubic spline regression model was constructed with 4 nodes at the 5th,
35th, 65th and 95th percentiles of TSH. The dotted lines represent the 95% confidence intervals for the spline model. The range of TSH should be
restricted to 0.34 to 6.5 mIU/L because predictions greater than 6.5 mIU/L (95th percentile) are based on too few data points. HR indicates
hazard ratio.
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This study revealed that the TSH concentration is a risk factor

for MACE. We used a restricted quartic spline to visualize the

association between TSH concentration and MACE and all-cause

death in CHD patients. For females, TSH concentrations were

linearly positively associated with the risk of MACE. For males,

with increasing TSH concentration, the hazard ratio (HR) first

increased and then decreased (Figures 4A, B). TSH concentrations

were within the reference range for heart failure and for CHD

patients. For all populations above 1.09 mIU/L, the TSH

concentration was positively associated with the risk of heart

failure (Figure 3C). Although the HRs for men and women were

similar to that for TSH, men with the same TSH levels had a

significantly greater risk of heart failure (Figures 4E, F). Therefore,

the TSH levels within the normal range are more predictive of long-

term heart failure events in male CHD patients.

There are a few reasons for the prognostic influence of TSH

levels in patients with CHD in this study. Previously, studies have

demonstrated that the correlation between TSH and the

cardiovascular system includes changes in arterial compliance,

diastolic blood pressure, endothelial dysfunction, vascular

resistance, and cardiac contractility (22–24, 31). Other

cardiovascular effects include myocardial damage; pericardial

effusion; and metabolic syndrome-related factors, including

hypertension, increased dyslipidemia, and waist circumference

(32, 33). The TSH levels were found to be independently

correlated with both carotid plaque incidence and intima-media

thickness, and TSH can contribute to atherogenesis directly by

promoting macrophage inflammation in atherosclerotic (31, 34). In

addition, TSH was found to be positively related to serum lipid

concentration (35). High serum levels of TSH accelerate the

production of inflammatory molecular and cardiovascular risk

biomarkers, increasing the risk of cardiovascular diseases (36). An

increase in inflammatory reactions accelerates atherosclerosis and

heart failure. It is obvious that TSH directly affects many

cardiovascular system physiological processes. However, further

studies are needed to elucidate the mechanism by which different

TSH levels independently predict adverse outcomes in the

CHD population.

Therefore, TSH is not only a risk marker but also a risk target that

should be considered to decrease adverse cardiovascular outcomes.

The strength of our study is that we continuously enrolled

patients according to the seven-year CAG results. This method

significantly decreases the potential misdiagnosis. In addition, this

was a single-center study. Consistent detection methods for TSH

and other clinical indicators can reduce errors caused by differences

in methods and detection standards. This study has several

limitations. First, this was a single-center study restricted to

Chinese Shaanxi patients. Therefore, generalizing our findings to

other ethnic groups requires further research on different ethnic

groups to support our findings. Second, this study only examined a

single TSH level during hospitalization, lacking dynamic TSH data.

Third, patient information extracted from medical records was

used, and its completeness and accuracy depended on the

physician. Furthermore, this was an observational study.
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Therefore, the possibility of error cannot be ruled out. However,

further prospective studies are needed to support our findings.
Conclusion

In patients with CHD, TSH levels in the upper and lower parts of

the reference range are associated with an increased risk of long-term

MACEandheart failure. TSH levels have independent predictive value

for adverse cardiovascular events and heart failure in patients,

especially male patients, with CHD. Additionally, screening TSH

levels may help improve risk classification and treatment outcomes

for CHDpatients. Future studies are needed to clarify this relationship

and explore whether treatments targeting TSH improvement can

reduce the occurrence of adverse events.
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The relationship between
advanced glycation end
products, metabolic metrics,
HbA1c, and diabetic nephropathy
Liping Xue, Yi Zhang* and Qiu Zhang*

Department of Endocrinology, First Affiliated Hospital of Anhui Medical University, Hefei, China
Background: In this cross-sectional study, we aim to investigate the value of

non-invasive advanced glycation end products (AGEs) detection in the early

screening of diabetic nephropathy(DN) among individuals with type 2 diabetes

mellitus and assess whether metabolic parameters and glycated hemoglobin A1c

(HbA1c) can moderate this relationship.

Methods: A total of 912 T2DM patients were enrolled. The urinary albumin-to-

creatinine ratio (UACR) was measured in morning urine samples to assess DN.

AGEs were non-invasively measured through skin autofluorescence.

Recognizing the role of age in both AGEs and DN, AGEage was calculated as

AGEs × age/100 for related analyses.

Results: The overall prevalence of DN in the present study was 37.2%. Elevated

AGEage(c2 = 61.06) was associated with a higher prevalence of DN. Multivariable

linear regression demonstrated that AGEage was positively associated with UACR

levels(b = 0.154, 95% CI: 0.126, 0.306, P<0.001). In the moderation analysis,

glycated hemoglobin A1c (HbA1c) affected the correlation between AGEage and

UACR. Body mass index (BMI) and triglyceride glucose-body mass index (TyG-

BMI) also affect the correlation between AGEage and UACR, there were significant

interactions between AGEage, HbA1c, BMI, TyG-BMI, and UACR.

Conclusions: Complex associations and interactions were observed between

AGEs, metabolic metrics, HbA1c, and DN. Implementing comprehensive

interventions can potentially benefit the prevention of DN in T2DM patients.
KEYWORDS

advanced glycation end products, BMI, diabetes, UACR, obesity, TyG-BMI
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1 Introduction

Type 2 diabetes mellitus (T2DM) has escalated into a global

health crisis, which stands as the 11th leading cause of death

worldwide due to chronic complications (1). Among the myriad

microvascular complications associated with T2DM, diabetic

nephropathy (DN) emerges as one of the most prevalent and

severe, often culminating in end-stage kidney disease (ESKD).

Current evidence suggests that DN is detected in approximately

33.6% of diabetic patients (2). It is generally characterized by an

initial elevation in microalbuminuria excretion, a substantial

increase in albuminuria, and a decline in glomerular filtration

rate (GFR) (3). Research has underscored that diabetic patients

exhibiting albuminuria are at a heightened risk of cardiovascular

disease, mortality, and renal deterioration (4). Therefore,

albuminuria serves as an early indicator of DN. Once DN

manifests, its progression is challenging to reverse. Importantly,

identifying diabetic patients prone to developing albuminuria could

significantly aid in preventing the onset of DN.

Advanced glycation end products (AGEs) arise from the

nonenzymatic glycosylation of proteins and lipids (5). This

glycosylation process is intricate and slow. However, in a prolonged

state of elevated glucose levels, glycosylation rates significantly

accelerate, increasing AGEs. Studies have demonstrated a clear

correlation between AGE accumulation in tissues and blood glucose

levels (6). Furthermore, even after correcting hyperglycemia, AGE

levels in diabetic tissues often fail to return to normal, leading to the

concept of “metabolic memory” (7). Unlike HbA1c, AGEs are not

merely byproducts of hyperglycemia but are also implicated in the

development of diabetes (8). It is now understood that AGEs can

crosslink with proteins, altering their structure, interfering with their

functional properties, and binding to the receptor for advanced

glycation end products (RAGE), thereby activating proinflammatory

signaling pathways (9). These processes are also thought to contribute

to the development of diabetic microvascular complications (10).

Therefore, AGEs are gaining increasing attention, especially

concerning their potential role as markers of DN. However, current

methods formeasuring AGEs are often complex and costly, making the

need for cost-effective, portable, and stable measurement methods

paramount. The non-invasive diabetes detector (DM scan),

developed using optical detection technology for AGEs, offers the

advantage of rapid, non-invasive measurements without the risk of

cross-infection. Nevertheless, few studies have explored the relationship

between DN and AGEs measured by skin autofluorescence.

While the significance of glycemic control in DN management

has been established, it is imperative to consider other metabolism-

associated risk factors. Obesity, a burgeoning global public health
Abbreviations: AGEs, Advanced glycation end products; DN, diabetic nephropathy;

T2DM, type 2 diabetes mellitus; HbA1c, glycated hemoglobin A1c; UACR, urinary

albumin-to-creatinine ratio; BMI, body mass index; TyG-BMI, triglyceride glucose-

body mass index; SBP, higher systolic blood pressure; DBP, diastolic blood pressure;

TG, triglyceride; TC, total cholesterol; ESKD, end-stage kidney disease; GFR,

glomerular filtration rate; IR, insulin resistance; WHO, World Health Organization;

FPG, fasting plasma glucose; Cr, creatinine; UA, uric acid; IQRs, interquartile ranges;

CI, confidence interval; CML, carboxymethyllysine.
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concern (11), has also been linked to kidney disease (12), with body

mass index (BMI) serving as a common measure of obesity. A study

in the UK revealed a positive correlation between higher BMI and

an increased incidence of microalbuminuria, with this association

particularly pronounced among individuals with higher BMI (13).

Beyond BMI, various metabolic metrics are employed to assess their

relationship with kidney disease. One such metric, the triglyceride-

glucose-BMI (TyG-BMI) index, is a product of fasting blood glucose

and triglyceride levels combined with BMI. It is currently used to

evaluate the association with diabetes (14) and is considered an

alternative surrogate marker for insulin resistance (IR), which itself

is linked to kidney disease (15). However, few studies have

investigated the association between TyG-BMI and DN.

As the prevalence of diabetes continues to surge, the burden of

diabetes-associated nephropathy is also poised to increase.

Accordingly, there is a pressing need for enhanced clinical

prevention strategies to mitigate modifiable DN risk factors. Most

existing studies have predominantly focused on the relationship

between individual risk factors and DN, with few examining

potential synergistic effects among these risk factors. Acknowledging

the influence of glycemic management on DN, this study incorporates

HbA1c into the model. Accordingly, we put forth the following

hypotheses: 1) AGEs are associated with DN, 2) Obesity can

modulate this relationship, and 3) An interaction exists between

AGEs, obesity, HbA1c, and DN. The outcomes of this study are

anticipated to provide vital insights for healthcare providers and

decision-makers, facilitating informed clinical decisions in the realm

of healthcare.
2 Materials and methods

2.1 Study design and participants

Given the complexity of DN and the absence of a genetic or

proteomic marker for accurate DN prediction, we opted to assess

the modifiable risk factors for DN, thereby enabling more practical

approaches to DN prevention and risk management. Most DN

prediction models include non-modifiable factors such as age and

disease duration (16, 17). While these factors influence DN, they are

beyond our control. Therefore, we focused on intervenable and

manageable risk factors in this study.

This cross-sectional study employed comprehensive survey

procedures to investigate the impact of metabolic factors on

albuminuria. We collected data from inpatients diagnosed with

T2DM admitted to the Department of Endocrinology at First

Affiliated Hospital of Anhui Medical University from September

1, 2019 to September 30, 2020. Through the patient ’s

hospitalization number, we were still able to identify individual

participant information during or after data collection. The

diagnosis of T2DM was based on the 1999 World Health

Organization (WHO) criteria (18). The study received approval

from the Ethics Committee of the First Affiliated Hospital of

Anhui Medical University, and written informed consent was

obtained from all participants (Ethics Committee approval

number PJ2023-11-43).
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2.2 Sample size estimation

Based on previous research indicating a 33.6% incidence of DN

among diabetic patients (2) and the desired level of relative

precision of 0.15(e), a=0.05, Z1-a/2 = 1.96, the minimum sample

size was determined to be 172 using the following formula.

Considering the design of diabetic nephropathy staging, ensuring

that each group had a certain sample size for stratified analysis, we

investigated 940 patients.

n =
(1 − p)Z1−a=2

e2p
2.3 Inclusion and exclusion criteria

We included patients with T2DM between 18 and 80 years of age.

Exclusion criteria encompassed: (1) acute illnesses; (2) known genetic

renal diseases; and (3) acute renal failure attributed to factors such as

drug use or contrast agents. Of the 940 patients initially considered, 28

were excluded due to missing potential confounding factors, ultimately

leaving us with a total of 912 T2DM patients included in the study.
2.4 Exposure

All participants underwent a comprehensive medical history

assessment and physical examination, including age, diabetes

duration, current hypoglycemic regimen, past medical history,

height, weight, and blood pressure. Body Mass Index (BMI) was

calculated as weight (kg)/height2(m2). Fasting venous blood

samples were collected for laboratory assays, including fasting

plasma glucose (FPG), HbA1c, total cholesterol (TC), triglycerides

(TG), creatinine (Cr), and uric acid (UA).

Hypertension was defined as SBP ≥ 140 mmHg or DBP ≥ 90

mmHg or current use of antihypertensive medication (19).

Hyperlipidemia was defined as TC>5.69 mmol/L or TG>1.68

mmol/L or current lipid-lowering medication use. According to

Chinese criteria, overweight was defined as BMI ≥ 24 kg/m² and <

28 kg/m2, while obesity was defined as BMI ≥28 kg/m2 (20). HbA1c

levels exceeding 7.0% were considered elevated (21). The age limit

was set at 65 years based on the literature (22). The maximum

diabetes duration was 10 years (22). The study utilized two

surrogate markers of IR: TyG (23) and TyG-BMI (24). The

estimation of the glomerular filtration rate (eGFR) was conducted

through calculation using the Chronic Kidney Disease

Epidemiology Collaboration (CKD-EPI) equation (25).
2.5 Outcome

Morning urine samples were collected to measure urinary

albumin-to-creatinine ratio (UACR) levels. Albuminuria was

categorized as nonalbuminuria (<30 mg/g), microalbuminuria (30

to 300 mg/g), or macroalbuminuria (>300 mg/g) (26).
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2.6 Assessment of AGEs

Skin AGEs were assessed using the DM Scan detection device

(Anhui Yikangda Optoelectronics Technology Co., Ltd., Hefei, China).

The device employed an excitation light source with a peak wavelength

of 370 nm to illuminate approximately 0.1 cm² of skin, measuring

emitted light with a spectrometer within the range of 420 - 600 nm.

Skin autofluorescence was calculated from the ratio of emitted light to

reflected light using DM Scan software version 1.02. All measurements

were conducted by trained nurses in semi-dark, room-temperature

settings. Emphasis was placed on taking measurements from normal

skin sites devoid of visible vessels, scars, lichenization, or other skin

irregularities. Each subject’s skin AGEs were measured three times, and

the mean was recorded. AGEage was calculated as AGEs × age/100.
2.7 Sensitivity analysis

To assess the robustness of the model, we employed UACR as a

categorical variable in the moderation analysis.
2.8 Statistical analysis

All data were subjected to statistical analysis using SPSS 23.0.

Demographic and clinical characteristics of the participants were

presented as either means with standard deviations or interquartile

ranges (IQRs) for skewed data. Missing values were not filled in and

were normally processed for analysis. The analysis proceeded through

four distinct steps. Step 1 entailed the descriptive statistics, providing an

overview of the general situation within the three albuminuria groups.

Step 2 involved calculating Spearman’s correlation coefficients to assess

the relationships between UACR and other biomarkers. Moving to

Step 3, we conducted a multivariable logistic regression analysis to

unveil the associations between metabolic indicators and UACR.

Finally, in Step 4, we undertook a moderating analysis using the

PROCESS method to elucidate the intricate relationships between

metabolic indicators and UACR. To establish the presence of a

moderating effect, the following criteria needed to be met: (a) a

significant direct effect of AGEage on UACR, (b) a significant direct

effect of the moderator (metabolic metrics) on UACR, and (c) a

significant direct interaction effect (AGEage × HbA1c × metabolic

metrics) on UACR. Within SPSS software, the interactive effect was

automatically computed, and it also provided the proportion of

variance explained by the moderating effect of BMI (indicated by an

increase in R2). A significant moderating effect was considered when

the 95% confidence interval (CI) did not include zero.
3 Results

3.1 Characteristics of the study population

A total of 940 patients diagnosed with type 2 diabetes were

initially enrolled in this study. After excluding those with missing
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data, the final analysis included 912 patients with T2DM (470 men

and 442 women). The clinical characteristics of the participants,

categorized based on the degree of albuminuria, are presented in

Table 1. Notably, 339 participants exhibited higher levels of UACR,

resulting in an overall prevalence of 37.2%. Among the various

factors analyzed, older age (c2 = 8.305), longer duration of diabetes

(c² = 35.284), higher systolic blood pressure (SBP) (c2 = 60.268),

diastolic blood pressure (DBP) (c2 = 6.55),increased accumulation

of AGEs (c2 = 31.66), higher AGEage (c2 = 61.06), higher

triglyceride (TG) levels (c² = 8.716), higher total cholesterol (TC)

levels (c² = 14.362), Female gender (c2 = 23.135), higher TyG (c2 =
21.351), higher TyG-BMI (c2 = 18.62), and lower eGFR (c2 = 225.7)

were significantly associated with a higher prevalence of

albuminuria. Conversely, factors such as BMI(c2 = 3.164), HbA1c

(c2 = 2.484),did not exhibit significant correlations across the

three groups.
3.2 Spearman correlation analysis between
the risk factors and UACR

Next, spearman correlation analysis was utilized to assess the

relationships between AGEage, BMI, TyG-BMI, HbA1c, and UACR.

The results indicated that AGEage exhibited a significant association

with BMI (rs=-0.218, P<0.01), TyG-BMI (rs=-0.27, P<0.01), HbA1c

(rs=-0.103, P<0.01), and UACR (rs = 0.157, P<0.01). Additionally,

BMI showed a significant correlation with TyG-BMI (rs=0.904,

P<0.01) but did not exhibit statistically significant correlations with

HbA1c (rs = -0.03, P > 0.05) or UACR (rs=0.056, P>0.05). TyG-BMI

demonstrated significant correlations with HbA1c (rs=0.078,

P<0.05) and UACR (rs=0.137, P < 0.01), while HbA1c displayed a

significant correlation with UACR (rs=0.094, P<0.01). The results

are summarized in Table 2.
3.3 Multilevel linear regression between
UACR and independent variables

In Table 3, the data indicated a dose-response relationship

between AGEage and UACR (b=0.154), There was a borderline

dose-response relationship between HbA1c and UACR (b=0.064).
However, no dose-response relationship was observed between

BMI, TyG-BMI, and UACR. After adjusting for gender and age,

the relationship between AGEage, HbA1c and UACR remained

statistically significant. Notably, there was a dose-response

relationship between BMI, TyG-BMI, and UACR (BMI: b=0.05,
TyG-BMI: b=0.086).
3.4 Moderation analysis

Moderation analyses were performed for AGEage, HbA1c, BMI,

and UACR, as shown in Table 4. First, AGEage significantly

predicted the severity of UACR (P < 0.05). However, HbA1c was

not associated with UACR (P > 0.05), and BMI exhibited no

significant correlation with UACR (P > 0.05). Second, the
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moderation analysis revealed that HbA1c moderated the effect of

AGEage on UACR (P < 0.01). Similarly, BMI moderated the effect of

AGEage on UACR (P < 0.05), indicating that higher levels of both

HbA1c and BMI were associated with increased AGEage and,

subsequently, higher UACR levels. BMI did not moderate the

effect of HbA1c on UACR (P > 0.05). Finally, a significant three-

way interaction among AGEage, BMI, and HbA1c was observed for

UACR levels in the overall sample (P < 0.01).

Additional moderation analyses were conducted for AGEage,

HbA1c, TyG-BMI, and UACR, as detailed in Table 5. The results

revealed no significant correlation between UACR and AGEage (P >

0.05), HbA1c (P > 0.05), or TyG-BMI (P > 0.05). However, moderation

analysis indicated that both HbA1c and TyG-BMImoderated UACR as

a result of AGEage (P < 0.05), suggesting that elevated levels of HbA1c

and TyG-BMI were associated with increased AGEage and subsequent

elevations in UACR. Notably, TyG-BMI did not moderate the effect of

HbA1c on UACR (P > 0.05). Moreover, a significant three-way

interaction among AGEage, TyG-BMI, and HbA1c was observed for

UACR levels in the overall sample (P < 0.05).
3.5 Sensitivity analyses

An analysis using UACR as a three-level categorical variable was

performed to further examine the interactions. The results, presented

in Table 6 and Table 7, indicated a significant three-way interaction

among AGEage, BMI, and HbA1c for UACR in the overall sample

(P = 0.0563), along with a significant three-way interaction among

AGEage, TyG-BMI, and HbA1c for UACR (P < 0.05).
4 Discussion

In this retrospective cross-sectional study, several key findings

emerged. First, we observed a DN incidence of 37.2% among

hospitalized T2DM patients, slightly higher than the rates

reported in previous studies (2). Notably, among these DN

patients, 58.4% had a BMI exceeding 24 kg/m², and only 11.5%

had HbA1c levels below 7%. This finding highlights the inadequacy

of comprehensive T2DM management among this population.

Second, our study revealed a significant correlation between

AGEs and DN, with higher AGE levels indicating an increased

risk of DN. Considering the influence of age on both AGEs and DN,

we introduced the AGEage index, which integrates AGEs and age.

Lastly, we identified a three-way interaction among obesity, AGEs,

and DN with HbA1c in this regulatory relationship. These findings

were supported by the results of sensitivity analyses, emphasizing

their robustness.

Unlike diabetic macroangiopathy, diabetic microangiopathy is

more closely associated with blood glucose, as evidenced in

numerous large clinical studies (27, 28). Chronic hyperglycemia

leads to increased oxidative stress, initiating the accumulation of

AGEs in cells via activation through pathways such as the hexose

pathway, polyol pathway, and protein kinase C, resulting in

overexpression of RAGE and subsequent activation of various

inflammatory cytokines (29). Studies on animals have indicated
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TABLE 1 The prevalence characteristics of three groups of albuminuria.

nonalbuminuria microalbuminuria macroalbuminurianormal c2value P

Age 8.305* 0.016

<65 437(65.2%) 173(25.8%) 60(9%)

≥65 136(56.2%) 71(29.3%) 35(14.5%)

BMI 3.164 0.531

Normal 257(64.6%) 103(25.9%) 38(9.5%)

Overweight 221(63.5%) 90(25.9%) 37(10.6%)

Obesity 94(57%) 51(30.9%) 20(12.1%)

durations 35.284** <0.001

<10 344(69.8%) 122(24.7%) 27(5.5%)

≥10 228(54.5%) 122(29.2%) 68(16.3%)

HbA1c 2.484 0.289

<7 87(69%) 28(22.2%) 11(8.7%)

≥7 484(61.7%) 216(27.6%) 84(10.7%)

DBP 6.55* 0.038

Normal 461(64.7%) 177(24.8%) 75(10.5%)

Abnormal 111(56.1%) 67(33.8%) 20(10.1%)

SBP 60.268** <0.01

Normal 404(72.1%) 122(21.8%) 34(6.1%)

Abnormal 168(47.9%) 122(34.8%) 61(17.4%)

AGE 31.66** <0.01

≤P25 168(73%) 48(20.9%) 14(6.1%)

P25-P50 153(67.4%) 58(25.6%) 16(7%)

P50-P75 137(59.6%) 66(28.7%) 27(11.7%)

>P75 115(51.1%) 72(32%) 38(16.9%)

AGEage 61.06** <0.01

≤P25 160 56 12

P25-P50 154 50 24

P50-P75 103 68 57

>P75 51 134 43

TG 8.716* 0.013

Normal 317(67.2%) 109(23.1%) 46(9.7%)

Abnormal 253(57.9%) 135(30.9%) 49(11.2%)

TC 14.362** 0.001

Normal 507(64.3%) 210(26.6%) 71(9%)

Abnormal 63(52.1%) 34(28.1%) 24(19.8%)

Gender 23.135** <0.001

Male 323(68.7%) 118(25.1%) 29(6.2%)

Female 250(56.6%) 126(28.5%) 66(14.9%)

(Continued)
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that inhibiting carboxymethyllysine (CML) may protect against DN

progression (30), while young diabetic rats treated with AGEs

precursors exhibit renal lesions similar to those seen in aged

diabetic rats (31). AGEs are, therefore, crucial in DN

development, and AGEs-generated markers can be harnessed to

assess DN risk.

Recent studies have shown that non-invasive devices measuring

skin AGE fluorescence can be used for diabetes screening, offering a

simple and rapid approach (32). However, previous research on the

association between non-invasive skin AGEs and diabetic

complications has primarily focused on Caucasian populations,

showing significant positive correlations between AGEs and

diabetic vascular complications (33). Given the impact of skin

tone on skin AGE levels, research on the relationship between

AGEs and DN in Chinese diabetic populations remains limited. In

this study, we employed UACR as a marker for DN to investigate

the AGE-DN relationship. Given the significance of age in both

AGEs and DN, we introduced the AGEage index. We found that

AGEage levels were significantly elevated in DN, and after adjusting
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for factors including age, sex, and HbA1c, AGEage remained

positively correlated with UACR levels. This finding indicates that

AGEage influences UACR independently of HbA1c, underlining its

value in assessing DN.

One of the management strategies for T2DM is lifestyle

modification, including weight loss. A longitudinal study

involving 369,362 participants aged 2-15 years indicated that a

high percentage of T2DM patients were obese (47.1%), with only
TABLE 1 Continued

nonalbuminuria microalbuminuria macroalbuminurianormal c2value P

TyG index 21.351** 0.002

≤P25 161(70%) 52(22.6%) 17(7.4%)

P25-P50 151(66.8%) 51(22.6%) 24(10.6%)

P50-P75 144(62.9%) 60(26.2%) 25(10.9%)

>75 114(50.9%) 81(36.2%) 29(12.9%)

TyG-BMI 18.62** 0.005

≤P25 160(70.2%) 55(24.1%) 13(5.7%)

P25-P50 152(67%) 50(22%) 25(11%)

P50-P75 135(59.5%) 64(28.2%) 28(12.3%)

>75 123(54.2%) 75(33%) 29(12.8%)

eGFR ≥90 427(70.9%) 156(25.9%) 19(3.2%) 225.7** <0.001

ml/(min·1.73m2) 60-89 127(59.1%) 60(27.9%) 28(13.0%)

30-59 19(24.7%) 23(29.9%) 35(45.4%)

15-29 0 4(30.8%) 9(69.2%)

<15 0 1(20.0%) 4(80.0%)
*P <0.05, **P <0.01.
TABLE 2 The Spearman correlation matrices for AGEage, HbA1c, BMI,
TyG-BMI, and UACR.

AGEage BMI TyG-BMI HbA1c UACR

AGEage – -0.218** -0.27** -0.103** 0.157**

BMI -0.218** – 0.904** -0.03 0.056

TyG-BMI -0.27** 0.904** – 0.078* 0.137**

HbA1c -0.103** -0.03 0.078* – 0.094**

UACR 0.157** 0.056 0.137** 0.094** –
*P <0.05, **P <0.01.
TABLE 3 The multilevel linear regression between independent variables
and UACR.

UACR

AGEage R2 b t P F LLCI ULCI

Model 1 0.024 0.154 4.705 <0.001 22.138 0.126 0.306

Model 2 0.049 0.325 4.909 <0.001 15.756 0.274 0.639

HbA1c

Model 1 0.004 0.064 1.918 0.055 3.678 -0.014 1.202

Model 2 0.03 0.076 2.305 <0.001 9.339 0.106 1.314

BMI

Model 1 0.001 0.025 0.758 0.449 0.575 -0.235 0.531

Model 2 0.027 0.05 1.505 <0.001 8.278 -0.09 0.682

TyG-BMI

Model 1 0.003 0.055 1.647 0.1 2.713 -0.005 0.059

Model 2 0.031 0.086 2.528 <0.05 9.793 0.009 0.075
frontie
Model 1: crude model; Model 2: Controlled for patients’ gender and age.AGEage, advanced
glycation end products × age/100 index; HbA1c, glycated hemoglobin A1c; BMI, body mass
index; TyG-BMI, triglyceride glucose-body mass index.
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4.33% having a normal BMI (34). This underscores the strong link

between obesity and diabetes. Moreover, studies have

independently identified BMI as a risk factor for DN (16). Large

population-based investigations have corroborated the increased

risk of nephropathy in individuals with both diabetes and obesity,

and this risk remains elevated even after stringent glycemic control

(35). This highlights the role of obesity in DN development,

independently of blood glucose control. Overall, our study

findings confirm the association of BMI with DN, emphasizing

the importance of BMI control in T2DM management.

The interaction between BMI and AGEs has become a research

hotspot. AGEs typically accumulate slowly through glycation

processes, with hyperglycemia and hyperlipidemia accelerating

AGE accumulation in vivo (36). Given that both hyperglycemia

and hyperlipidemia are prevalent in obese individuals, it is

reasonable to speculate that AGE levels are higher in obese

patients, as supported by previous research (37). Our study

consistently validated the association between BMI and AGEage.

In vitro and animal experiments further supported this relationship,

demonstrating that RAGE overexpression induces adipocyte

hypertrophy (38) and that mice fed a high-fat high-AGE diet

exhibit greater weight gain and more visceral fat compared with

mice fed a high-fat low AGE diet for 6 weeks (39). Additionally,
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obese individuals often have less healthy dietary habits, consuming

highly processed Western-style foods rich in exogenous AGEs,

which can be absorbed into the bloodstream and accumulate in

the body (40). Considering this interaction, we propose that AGEs

interact with BMI to facilitate DN development. Our study

validated this hypothesis, with moderating analysis showing that

AGEage interacts with BMI to increase the UACR. In contrast,

HbA1c and BMI did not exhibit a synergistic effect on DN risk,

underscoring the greater importance of AGEage in DN, with BMI

exacerbating the condition. Although HbA1c did not exert a

moderating effect on BMI, we identified a three-way interaction

between AGEage, HbA1c, BMI, and UACR, suggesting that patients

with T2DM, especially those with higher AGEs, obesity, and HbA1c

levels, are at a heightened risk of urinary proteinuria. Effective

management of HbA1c and weight reduction can mitigate the

impact of AGEs on UACR, emphasizing the importance of a

comprehensive approach. On one hand, it involves strict blood

glucose control to reduce HbA1c levels and minimize endogenous

AGE production. On the other hand, it necessitates dietary control

to reduce the consumption of high-AGE foods, thereby decreasing

the absorption of exogenous AGEs and lowering the risk of obesity.

While obesity is primarily linked to dietary factors, there are

additional contributors to obesity, including IR. The development of
TABLE 4 Association between AGEage and HbA1c, BMI and UACR.

Variables
UACR(continuity variable)

coeff SE t value P value LLCI ULCI

AGEage -3.0847 1.3348 -2.3109 0.0211 -5.7044 -0.4650

HbA1c -7.1257 6.8073 -1.0468 0.2955 -20.4857 6.2344

BMI -3.9661 2.7027 -1.4674 0.1426 -9.2705 1.3383

Int_1 0.1560 0.0559 2.7904 0.0054 0.0463 0.2658

Int_2 0.3277 0.1361 2.4076 0.0163 0.0606 0.5948

Int_3 0.4126 0.2790 1.4790 0.1395 -0.1349 0.9601

Int_4 -0.0156 0.0058 -2.7080 0.0069 -0.0269 -0.0043
Int 1: AGEage × HbA1c; Int 2: AGEage × BMI; Int 3: HbA1c ×BMI; Int 4: AGEage × HbA1c × BMI; AGEage, advanced glycation end products × age/100 index; HbA1c, glycated hemoglobin A1c; BMI,
body mass index.
TABLE 5 Association between AGEage and HbA1c, TyG-BMI and UACR.

Variables
UACR(continuity variable)

coeff SE t value P value LLCI ULCI

AGEage -1.5556 0.8933 -1.7414 0.0820 -3.3089 0.1976

HbA1c -4.2932 4.8096 -0.8926 0.3723 -13.7325 5.1461

TyG-BMI -0.2624 0.2058 -1.2754 0.2025 -0.6663 0.1414

Int_1 0.0102 0.0041 2.4531 0.0143 0.0020 0.0183

Int_2 0.1867 0.930 2.0069 0.0451 0.0041 0.3693

Int_3 0.0315 0.0212 1.4810 0.1390 -0.0102 0.0732

Int_4 -0.0011 0.0004 -2.4215 0.0157 -0.0019 -0.0002
Int 1: AGEage × HbA1c; Int 2: AGEage × TyG-BMI; Int 3: HbA1c ×TyG-BMI; Int 4: AGEage × HbA1c × TyG-BMI. AGEage, advanced glycation end products x age/100 index; HbA1c, glycated
hemoglobin A1c; TyG-BMI, triglyceride glucose-body mass index.
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IR is closely associated with obesity in a complex relationship, both

being integral components of the metabolic syndrome. IR is a well-

established risk factor for cardiovascular and cerebrovascular

diseases and plays a significant role in DN. Animal studies have

shown that mice fed a high-fat diet, resulting in obesity and IR,

exhibit increased UACR levels and altered renal outcomes,

indicating tubular dilation and interstitial vacuolation (41).

Therefore, we examined another metabolic indicator, TyG-BMI, to

represent IR. TyG-BMI, derived from the product of the TyG index

and BMI, effectively reflects various metabolic processes in the body.

Studies have previously established that elevated levels of TyG-BMI

can heighten the risk of prediabetes, especially among non-obese

individuals (42). Causality between TyG-BMI and the incidence of

diabetes has been reported, particularly in non-obese populations

(14). Nevertheless, the relationship between TyG-BMI and DN has

received less attention. Our study provided hitherto undocumented

evidence of a significant positive relationship between TyG-BMI and

UACR, indicating that TyG-BMI is a potential risk factor for DN,

possibly surpassing BMI’s significance. As a moderating variable,

TyG-BMI exerts a distinct influence on the relationship between

AGEs and UACR levels. Concurrently, in vitro and animal

experiments suggest that AGEs can influence cellular insulin

sensitivity and insulin secretion capacity (43, 44). This implies that
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non-obese type 2 diabetes patients, despite seemingly meeting BMI

standards, should consider other metabolic factors since BMI fails to

capture fat distribution, and abdominal obesity is more strongly

associated with IR.

Herein, we established a retrospective model to assess the

correlation between these metabolic indicators and DN. We

unveiled the intricate interaction among AGEs, obesity-related

metabolic metrics, and HbA1c, all associated with UACR levels.

This underscores the significance of comprehensive diabetes

management. Given that albuminuria in diabetic patients is

largely preventable, effective management and treatment strategies

should persist even after the onset of DN, aiming to retard disease

progression. Comprehensive management awareness is imperative

for diabetic patients, and early, timely interventions can

substantially reduce the incidence of DN.

This study boasts several strengths, including its multilevel

design and the inclusion of a substantial sample size.

Furthermore, our study uniquely investigates DN by exploring

the relationship between obesity and non-invasive AGEs, offering

compelling insights into preventing proteinuria in type 2 diabetes

mellitus. However, certain limitations should be acknowledged.

First, in recent years, a subtype of DN has been proposed with

low estimated glomerular filtration rate but without albuminuria,
TABLE 6 Association between AGEage and HbA1c, BMI among three groups of albuminuria.

Variables
UACR (classified variable)

coeff SE t value P value LLCI ULCI

AGEage -0.0692 0.0434 -1.5959 0.1109 -0.1543 0.0159

HbA1c -0.2547 0.2211 -1.1516 0.2498 -0.6886 0.1793

BMI -0.1076 0.0878 -1.2252 0.2208 -0.2799 0.0647

Int_1 0.0035 0.0018 1.9226 0.0548 -0.0001 0.0071

Int_2 0.0079 0.0044 1.7780 0.0757 -0.0008 0.0165

Int_3 0.0130 0.0091 1.4313 0.1527 -0.0048 0.0308

Int_4 -0.0004 0.0002 -1.9109 0.0563 -0.0007 0.0000
Int 1: AGEage × HbA1c; Int 2: AGEage × BMI; Int 3: HbA1c × BMI; Int 4: AGEage × HbA1c × BMI. AGEage, advanced glycation end products x age/100 index; HbA1c, glycated hemoglobin A1c; BMI,
body mass index.
TABLE 7 Association between AGEage and HbA1c, TyG-BMI among three groups of albuminuria.

Variables
UACR (classified variable)

coeff SE t value P value LLCI ULCI

AGEage -0.0514 0.0287 -1.7883 0.0741 -0.1078 0.0050

HbA1c -0.2517 0.1547 -1.6275 0.1040 -0.5553 0.0518

TyG-BMI -0.0106 0.0066 -1.6090 0.1080 -0.0236 0.0023

Int_1 0.0003 0.0001 2.2673 0.0236 0.0000 0.0006

Int_2 0.0062 0.0030 2.0666 0.0391 0.0003 0.0121

Int_3 0.0014 0.0007 1.9900 0.0469 0.0000 0.0027

Int_4 0.0000 0.0000 -2.2131 0.0271 -0.0001 0.0000
Int 1: AGEage × HbA1c; Int 2: AGEage × TyG-BMI; Int 3: HbA1c ×TyG-BMI; Int 4: AGEage × HbA1c × TyG-BMI; AGEage, advanced glycation end products x age/100 index; HbA1c, glycated
hemoglobin A1c; TyG-BMI, triglyceride glucose-body mass index.
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accounting for about 10.1% of diabetes patients (45), thus this

subtype therefore needs to be studied to adjust the management

strategy. Second, the cross-sectional nature of this study makes it

challenging to establish causal relationships or confirm long-term

clinical outcomes.

In conclusion, our study highlights the higher incidence of DN

within the hospitalized T2DM population. We propose

multifaceted management strategies to prevent DN in T2DM

patients. Additionally, we introduce AGEage, a non-invasive

measure of accumulated AGEs adjusted for age, as a promising

approach for identifying patients at high risk of developing DN.
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Context: Despite normalization of Thyrotropin (TSH), some patients with

hypothyroidism treated with Levothyroxine (LT4) report residual symptoms

which may be attributable to loss of endogenous triiodothyronine (T3).

Objective: Feasibility trial LT4/liothyronine (LT3) combination vs. LT4/placebo in

post-surgical hypothyroidism.

Design: Double-blind, placebo-controlled, 24-week study.

Setting: Academic medical center

Patients: Individuals with indications for total thyroidectomy and

replacement therapy.

Interventions: LT4/LT3 5 mcg (twice daily) vs. LT4/placebo (twice daily). LT4 was

adjusted at 6- and 12-weeks with the goal of baseline TSH ± 0.5 mcIU/ml.

Main Outcome Measures: Changes in body weight, cholesterol, TSH, total T3,

free tetraiodothyronine (T4). Cardiovascular function, energy expenditure, and

quality of life (ThyPRO-39) were assessed in patients who completed at least the

3-month visit, last measure carried-forward.

Results: Twelve patients (10 women and 2 men), age 51 ± 13.8 years (7 LT4/

placebo, 5 LT4/LT3), were analyzed. No significant differences were observed in

TSH. Following thyroidectomy, LT4/placebo resulted in higher free T4 + 0.26 ±

0.15 p<0.005 and lower total T3 -18 ± 9.6 ng/dl p<0.003, respectively, not

observed in the LT4/LT3 group. The LT4/placebo group had a non-significant

increase in body weight, +1.7 ± 3.8 Kg, total- and LDL-cholesterol +43.1 ± 72.8
frontiersin.org0174

https://www.frontiersin.org/articles/10.3389/fendo.2025.1522753/full
https://www.frontiersin.org/articles/10.3389/fendo.2025.1522753/full
https://www.frontiersin.org/articles/10.3389/fendo.2025.1522753/full
https://www.frontiersin.org/articles/10.3389/fendo.2025.1522753/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2025.1522753&domain=pdf&date_stamp=2025-03-10
mailto:celi@uchc.edu
https://doi.org/10.3389/fendo.2025.1522753
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2025.1522753
https://www.frontiersin.org/journals/endocrinology


Phan et al. 10.3389/fendo.2025.1522753

Frontiers in Endocrinology
and +32.0 ± 64.4 mg/dl. Conversely the LT4/LT3 group changes were -0.6 ± 1.9

Kg, -28.8 ± 49.0 and -19.0 ± 28.3 mg/dl, respectively, all non-significant. Non-

significant improvement were observed in ThyPRO-39 measures in both groups,

while energy expenditure, and diastolic function increased in the LT4/LT3 group.

Conclusions: In this group of patients with post-surgical hypothyroidism LT4

replacement alone does not normalize free T4 and total T3 levels and is

associated with non-significant increase in weight and cholesterol. LT4/LT3

combination therapy appears to prevent these changes.

Clinical Trial Registration: Clinicatrials.gov, identifier NCT05682482.
KEYWORDS

hypothyroidism, post-surgical hypothyroidism, combination therapy, clinical trial,
levothyroxine, liothyronine
Introduction

The treatment of hypothyroidism is based on the substitution of

synthetic T4, levothyroxine (LT4), for the loss of endogenous thyroid

hormone (TH) production, and its efficacy is measured by the

normalization of thyrotropin (TSH) (1). This strategy assumes that

pituitary euthyroidism indicates restoration of hormonal signaling to

all tissues targeted by TH action. While most patients do well on LT4

alone, a sizable minority, in excess of 40% in a study (2), reports

residual symptoms consistent with hypothyroidism, which may be

attributed to the loss of endogenous production of T3 not completely

compensated by the peripheral conversion of exogenous T4 into T3 (3,

4). Studies conducted in animal models of hypothyroidism

demonstrated that LT4 alone is not sufficient to restore T3 and T4

concentrations in all tissues, while the combination of LT4/liothyronine

(synthetic T3, LT3) can (5–7). While a prospective study indicated that

LT4 therapy is able to restore circulating levels of T3 (8), previous

observations and large longitudinal studies reported that effective (i.e.

resulting in TSH normalization) LT4 therapy is associated with

decrease in T3 and increase in free T4 (9–11). Several trials were

conducted to test the effects of T3-containing therapies (12–25). The

results have been inconclusive because of a lack of statistical power,

heterogeneous populations and treatment schemes (26). While

professional organizations’ guidelines do not support the use of T3-

containing therapies on a routine basis (1, 27–29), they lament the lack

of evidence and encourage the development of well-designed studies to

assess the efficacy of these treatment options (30).

Patients undergoing total thyroidectomy are unique since they

transition from a state of euthyroidism to complete dependence

from exogenous administration of TH. To this end, these patients

represent an ideal experimental model to assess the effects of

different modalities of replacement therapy on circulating TH

concentrations and end-organ effects of TH action.

Here we present a proof-of-concept/feasibility study of LT4/

placebo vs. LT4/LT3 replacement therapy in patients undergoing
0275
total thyroidectomy. This study was designed to explore the changes

in TH and in indices of hormonal action within, and between study

groups, with the goal of obtaining point estimates of these measures

to adequately power subsequent large trial(s).

Materials and methods

Study design

This was a double-blind, placebo-controlled, two active

comparators (LT4/placebo vs. LT4/LT3) parallel, six-month study

(Figure 1) in patients undergoing thyroidectomy designed to obtain

point estimates of the effect size of each intervention. The study was

approved by the Virginia Commonwealth University IRB, and all

study participants provided written informed consent

(Clinicaltrials.gov ID NCT04782856). The research was completed

in accordance with the Declaration of Helsinki as revised in 2013.
Study participants, inclusion criteria,
and randomization

Inclusion criteria were age>18 years, normal TSH, and clinical

indication for total thyroidectomy. Exclusion criteria were indication

for TSH suppression; history of hypothyroidism or thyrotoxicosis;

congestive heart failure or unstable coronary artery disease (angina,

coronary event, or revascularization within 6 months); atrial

fibrillation; uncontrolled hypertension (>140/90 mmHg at screening);

uncontrolled diabetes (HbA1c>8% at screening); pregnancy,

breastfeeding, or planned pregnancy during the study; history of

major depression or psychosis; use of drugs known to interfere with

TH absorption or activity (e.g. antiacids, bile acid sequestrants,

dopaminergic or dopamine antagonists, amiodarone) (31);

conditions that in the opinion of the principal investigator may

impede the successful completion of the study. Participants taking
frontiersin.org
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lipid-lowering medications were instructed not to change their regimen

during the trial. Following enrollment, the participants were

randomized to the treatment groups by the investigational pharmacy.
Sample size

This feasibility study was designed to obtain point estimates of

the effects of LT4/LT3 compared to LT4/placebo on weight, and

LDL cholesterol. Based on prior observations (32, 33), with a sample

size of 15 participants per arm, a difference of 2.2 Kg would provide

80% power at a significance of 0.05. Similarly, a difference in LDL

cholesterol of 8% would provide 70% power at a significance of 0.05.

These estimates were based on the assumption of 50% of the effect

size observed in our prior crossover LT3 substitution trial (32) and

an expected 40% increase in average serum total T3 following LT4/

LT3 combination therapy compared to LT4 alone (33). Changes in

quality of life (ThyPRO-39) (34), cardiovascular parameters and

energy expenditure were considered exploratory endpoints. Due to

the exploratory nature of the study the accrual target of the study

was placed at 30 participants.
Screening visit

This encounter was conducted to verify inclusion and exclusion

criteria, and to allow participants to provide informed consent.
Baseline visit

Study volunteers were admitted prior to surgery (usually the

night before the procedure) for overnight energy expenditure
Frontiers in Endocrinology 0376
recording in a whole-room indirect calorimeter (35, 36). The next

morning, study participants underwent a standard transthoracic

Doppler echocardiogram to measure left ventricular dimensions

and diastolic/systolic function (37), including the myocardial

performance (Tei index) obtained by subtracting the ejection time

(ET) from the interval between cessation and onset of the mitral

inflow velocity to give the sum of isovolumetric contraction time

(ICT) and isovolumentric relaxation time (IRT) and calculated as

(ICT+IRT)/ET, with smaller numbers reflecting better left

ventricular diastolic and systolic function (38); Arterial elastance

(Ea) was measured as left ventricular end-systolic pressure

(LVESP), estimated as 0.9 x systolic blood pressure divided by LV

stroke volume, and end-systolic elastance (EES) measured as

LVESP divided by the left ventricular end-systolic volume, and

expressing Ea/EES as a measure of ventricular-arterial

coupling (39).

Following the echocardiogram, anthropometric measurements

and quality of life assessment by ThyPRO-39 (34) were recorded,

and fasting blood sampling for TSH, free T4, total T3, and lipid

panel was collected. At the time of discharge from surgery (usually

in the evening of the same day), study participants were given two

study medications bottles, one “AM”, containing LT4/placebo or

LT4/LT3, and a second “PM” containing placebo or LT3 (see study

medications and therapy adjustments).
Six-week visit

Six weeks following surgery, study participants were seen for

therapy adjustment which consisted of a brief exam, and blood

draw for TSH measurement. Study medications were then adjusted

and delivered to the participants (see below).
FIGURE 1

Study scheme and procedures.
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Three- and six-month visits

Three- and six-months following surgery, study participants

returned for an overnight visit. The procedures were identical to the

baseline visit, apart from therapy adjustment at the three-month

visit. Upon study completion, patients returned to the care of

their endocrinologists.
Study medications

Patients were randomized to (a) LT4/placebo, starting at a dose

of 1.6 mcg/Kg (32, 40), or (b) LT4/LT3 combination therapy. For

the LT4/LT3 arm, the initial dose was calculated by decreasing the

estimated dose LT4 by 25 mcg, and adding a fixed dose of LT3, 5

mcg twice daily according to our pharmacokinetics modeling (33).

Study drugs were over-encapsulated in identical capsules as LT4/

placebo or LT4/LT3 (AM), and placebo or LT3 (PM). The LT4 dose

was adjusted at the six-week and three-month visits using the

scheme reported in Table 1 by an unblinded physician (SY, AMS,

RM) and delivered by courier; no changes were made to the LT3

dose throughout the study. Study participants were instructed to

take the AM capsule in the morning, with an empty stomach, to

wait at least 30 minutes before having breakfast or taking any other

medications, and to take the PM dose at least 30 minutes before

dinner. During the whole-room indirect calorimetry measurements,

study volunteers were instructed to take their study medications

following their regular schedule.
Statistical analysis

Two-tailed unpaired t test was used to compare data between

treatment arms, while two-tailed paired t test was used to compare

baseline vs. end-of-study results within the same treatment arm.

Results are expressed as mean ± SD and median and interquartile

ranges (IQR); p < 0.05 was considered the threshold for significance.

Analyses were conducted using Prism version 5 (GraphPad, La Jolla,

CA) and SPSS Version 29.0 (IBM, Chicago, IL) in participants who

completed at least the three-month visit, with last measure carried

forward. No adjustment for multiple comparisons was made.
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Results

Study participants

Thirteen participants (11 females, 2 males, age 51 ± 13.2 years)

were randomized between 10/29/2020 and 10/26/2022; twelve

participants who completed at least the three-month follow up visit

were included in the analysis. Of them, five were allocated to LT4/

LT3, and seven to LT4/placebo; their characteristics are reported in

Table 2. Screening, randomization, drop-out and completion of the

study data are reported in Figure 2. No patient-reported adverse event

was recorded. A change in dosing outside the titration scheme (dose

reduction) was deemed necessary because of sustained TSH

suppression at month-3 in a LT4/LT3 group patient. This was

attributed to oral GLP-1 analog therapy (41).
Study medications dose adjustments

The average initial LT4 dose in the LT4/placebo group

was 119.3 ± 24.8 mcg (1.57 ± 0.0 mcg/Kg), while at end-of-study it

was 107 ± 23.5 mcg (1.43 ± 0.4 mcg/Kg) (p=0.406). The LT4 dose was

unchanged in one patient, increased in one, and decreased in four. In

the LT4/LT3 group the initial average LT4 dose was 120.00 ± 41.1

mcg (1.31 ± 0.1 mcg/Kg), while at end-of-study it was 86.5 ± 10.1 mcg

(1.03 ± 0.2 mcg/Kg) (p=0.023). The LT4 dose was increased in one

patient and decreased in four. The data are ported in Table 2.
Thyroid hormone and TSH

Compared to baseline (pre-thyroidectomy) TSH, in the LT4/

placebo group no differences were observed at end-of-study (1.64 ±

0.70 vs. 1.64 ± 1.09 mcIU/ml), while a non-significant decrease

(1.57 ± 0.63 vs. 0.86 ± 1.46 mcIU/ml, p=0.265) was observed in the

LT4/LT3 group. At end-of-study the free T4 concentrations were

significantly increased in the LT4/placebo (0.91 ± 0.12 vs. 1.17 ±

0.26 ng/dl, p=0.005), while no significant changes (0.96 ± 0.13 vs.

1.02 ± 0.26 ng/dl, p=0.645) were observed in the LT4/LT3 group.

The total T3 concentrations were significantly decreased in the LT4/

placebo (98.7 ± 10.9 vs. 80.7 ± 14.6 ng/dl, p=0.003), while a non-

significant increase (96.8 ± 15.7 vs. 121.4 ± 23.9 ng/dl, p=0.142) was

observed in the LT4/LT3 group. Similarly, at end-of-study the total

T3/free T4 ratio was significantly decreased in the LT4/placebo

(110.0 ± 22.2 vs. 71.0 ± 16.6, p<0.001), while a non-significant

increase (103.7 ± 25.9 vs. 121.5 ± 20.0, p=0.142) was observed in the

LT4/LT3 group.

In between groups analyses, no significant differences were

observed in TSH and free T4 at end-of-study (p=0.337 and

p=0.135, respectively), while the differences in total T3 and total

T3/free T4 were statistically significant (LT4/Placebo -18.0 ± 9.6 vs.

LT4/LT3 20.5 ± 28.8 ng/dl, p=0.005 and LT4/Placebo -39.1 ± 12.1

vs. LT4/LT3 17.8 ± 27.5, p<0.001, respectively). The data are ported

in Table 3.
TABLE 1 Levothyroxine adjustment scheme.

TSH (mcIU/ml) Dose adjustment

Baseline ± 0.5 No change

Baseline > 0.5 -7.0 Increase by 10%

> 7.0 Increase by 20%

Baseline < 0.5 - 0.1 Decrease by 10%

< 0.1 Decrease by 20%
Dose adjustments were common to both treatments, therapy rounded to the closest
available dose.
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Lipid parameters

In the LT4/placebo group, compared to baseline, a non-significant

increase in total and LDL-cholesterol was observed at end-of-study

(213.3 ± 69.2 vs. 256.4 ± 105.6 mg/dl p=0.168, and 131.6 ± 49.3 vs.

163.6 ± 84.1 mg/dl p=0.236, respectively). Conversely in the LT4/LT3

group a non-significant decrease in total and LDL-cholesterol was

observed at end-of-study (214.4 ± 48.8 vs. 179.8 ± 20.0 mg/dl p=0.214,

and 132.6 ± 37.6 vs. 109.8 ± 15.4 mg/dl p=0.163, respectively). With

respect to HDL-cholesterol and triglycerides, in the LT4/placebo group,

a non-significant increase in HDL-cholesterol and triglycerides was

observed at end-of-study. In the LT4/LT3 group, when compared to

baseline, non-significant increase in HDL-cholesterol, and decrease in

triglycerides were observed at end-of-study. The data are ported

in Table 4.
Weight and energy metabolism assessment

A non-significant increase in body weight was observed at end-

of-study in the LT4/placebo group (76.0 ± 16.6 vs. 77.7 ± 17.8 Kg
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p=0.294), not seen in the LT4/LT3 group (90.0 ± 23.8 vs. 89.2 ± 23.5

Kg p=0.457). Conversely, compared to baseline, the LT4/placebo

group had a non-significant decrease in energy expenditure (1,544.4

± 241.3 vs. 1,504.9 ± 213.9 calorie/24hours p=0.215) while the LT4/

LT3 group showed an opposite trend (1,655.8 ± 362.6 vs. 1,683.8 ±

388.9 mg/dl calorie/24hours p=0.147). When the pre-post changes

in energy expenditure were analyzed between groups a significant

(p=0.03) difference was observed. The data are ported in Table 4.
Cardiovascular parameters

No significant differences were observed in heart rate, blood

pressure and ejection fraction between baseline and end-of-study in

both groups. Statistically significant differences were observed

between groups in Tei index, an indicator of diastolic function:

compared to baseline, the LT4/placebo group showed an increase

of +18.2 95% [IQR 3.8, 100], while the LT4/LT3 group showed a

decrease of -12.7 95% [IQR -21.7, -8.5], p=0.005, with negative

changes reflecting better function (38). The data are ported in Table 5.
FIGURE 2

CONSORT chart. The analysis was conducted (last measure carried forward) on study participants who completed the three-month visit.
TABLE 2 Baseline characteristics of study participants included in the analysis.

All participants LT4/LT3 LT4/placebo Significance

Number (sex) 12 (10 f, 2 M) 5 (4F, 1M) 7 (6F, 1M) n/a

Age (years) 51.7±13.8 50.0±13.8 53.0±13.6 P=0.728

Weight (Kg) 81.8±20.2 90. 0±23.8 76.0±16.7 P=0.257

Ethnicity 9 Caucasian, 3 Black 3 Caucasian, 2 Black 6 Caucasian, 1 Black n/a

Multinodular goiter 6 3 3 n/a

Papillary thyroid cancer 5 1 4 n/a

Medullary thyroid cancer 1 1 0 n/a
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Quality of life

Overall, at end-of-study improvements were observed across

the ThyPRO-39 domains both in the LT4/placebo and in the LT4/

LT3 groups. No significant differences were observed between the

two groups. The data are ported in Table 6.
Discussion

Since the seminal observations of Dr. Morreale d’Escobar (5, 6)

demonstrating that in animal models of hypothyroidism only LT4/

LT3 combination therapy could restore T3 and T4 concentrations

in most tissues, several trials have attempted to assess whether

humans would benefit from such a regimen (12–25). The results

have been conflicting, although a plurality of participants preferred

T3-containing therapy regimens, mostly driven by reported weight

loss (12–16). Heterogeneity of the study populations, with the

inclusion of participants requiring low-dose LT4, thus presumably

with residual endogenous TH production was recognized as a major

confounder (26). Our study was unique because we characterized

patients prior to total thyroidectomy, enabling the comparison of
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the two thyroid replacement regimens against the baseline of

endogenous euthyroidism. Prior studies have evaluated TH levels

pre- and post-thyroidectomy (8, 42), but none has attempted to

characterize in detail the metabolic profile of patients by performing

dense phenotyping.

The LT4/placebo group data provide empirical confirmation

that the initial LT4 dose of 1.6 mcg dose (1) is accurate, the minimal

reduction in dose when compared to our original observation

(32, 40) can be attributed to the trice daily regimen adopted in

that study, which could have led to adherence problems.

Conversely, most of the patients in the LT4/LT3 group required a

significant decrease in their LT4 dose, suggesting that our

estimation of the dose adjustment (33) was not sufficient.

Our study demonstrated clear differences in TH concentrations

between the two regimens following thyroidectomy. The LT4/placebo

group data demonstrated that LT4 alone does not normalize circulating

TH concentrations (9), while LT4/LT3 combination therapy may. Of

interest, our data appear in contrast with Dr. Jonklaas’ report which did

not demonstrate significant changes in T3 levels in patients undergoing

thyroidectomy. It is worth noting that several patients with benign

thyroid pathology underwent subtotal thyroidectomy, with the

potential confounder of residual thyroid hormone production.
TABLE 4 Lipid parameters, weight and energy expenditure assessment.

LT4/LT3 LT4/placebo

Parameter Baseline End of study Delta p Baseline End of study Delta p p for Delta

Total Cholesterol (mg/dl) 214.4±48.8 179.8±20.0 -28.8±49.0 0.214 213.3±69.2 256.4±105.6 43.1±72.8 0.168 0.070

LDL Cholesterol (mg/dl) 132.6± 37.6 109.8± 15.4 -19.0± 28.3 0.163 131.6±49.3 163.6±84.1 32.0±64.4 0.236 0.110

HDL Cholesterol (mg/dl) 53.2±11.2 56.8±16.3 3.0±6.5 0.322 58.4±19.8 63.0±18.6 4.6±12.5 0.373 0.880

Triglycerides (mg/dl) 151.8±135.1 100.0±50.3 -43.2±94.2 0.322 124.0±71.0 150.0±96.3 26.0±38.2 0.122 0.070

Weight (Kg) 90.0±23.8 89.2±23.5 -0.6±1.9 0.457 76.0±16.6 77.7±17.8 1.7±3.8 0.294 0.231

EE (Calorie/24 hour) 1,655.8±362.6 1,683.8±388.9 24.5±29.5 0.147 1,544.4± 241.3 1,504.9±213.9 -39.5±68.2 0.215 0.03

RQ 0.87± 0.02 0.88± 0.03 0.01±0.03 0.464 0.85± 0.03 0.89± 0.1 0.04± 0.08 0.327 0.125
Bold font indicates statistical significance.
TABLE 3 Thyroid hormone, TSH, and study medications.

LT4/LT3 LT4/placebo

Parameter Baseline End of study Delta p Baseline End of study Delta p p for Delta

TSH (mcIU/ml) 1.57±0.63 0.86±1.46 -0.59±1.14 0.265 1.64±0.70 1.64±1.09 0.00±1.19 0.998 0.337

FreeT4 (ng/dl) 0.96±0.13 1.02±0.26 0.05±0.24 0.645 0.91±0.12 1.17±0.26 0.26±0.15 0.005 0.135

T3 (ng/dl) 96.8±15.7 121.4±23.9 20.5±28.8 0.142 98.7±10.9 80.7±14.6 -18.0±9.6 0.003 0.005

T3/FreeT4 103.7±25.9 121.5±20.0 17.8±27.5 0.221 110.0±22.2 71.0±16.6 -39.1±12.1 <0.001 <0.001

LT4 dose (mcg) 120±41.1 86.5±10.1 -33.5±34.6 0.096 119.3±24.8 107.0±23.5 -12.3±22.8 0.406 n/a

LT4 dose (mcg/Kg) 1.31±0.14 1.03±0.22 -0.28±0.18 0.023 1.57±0.04 1.43±0.41 -0.14±0.41 0.406 n/a

LT3/LT4 1:9.0±1.4 1:6.8±1.2 -2.2±2.2 0.003 n/a n/a n/a n/a n/a
Bold font indicates statistical significance.
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Conversely, patients with malignant disease had lower TSH when

compared to their pre-surgical baseline (8). These factors may have

played a role in the apparent discrepancies between the observations.

We did not measure trough total T3 levels, and most study participants

underwent phlebotomy 1-3 hour following LT3 administration, which

approximates the Tmax (33); hence the increase in serum total T3

observed at end-of-study in the LT4/LT3 group likely represents

an overestimation.

Following thyroidectomy the LT4/placebo group experienced a

non-significant weight gain whose effect size is consistent with the

observations reported in a recent meta-analysis (43), while LT4/LT3

therapy appears to prevent it. Interestingly, the whole room indirect

calorimetry data indicate divergent trends in energy expenditure

between the LT4/placebo and the LT4/LT3 groups. Projected over

one year, a decrease of 39.5 calorie/day observed in the LT4/placebo

group would correspond to approximately 2 Kg of weight gain,

which could be counterbalanced with the equivalent of ten days of
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fasting. These latter estimates are likely overstated since they do not

take in account compensatory mechanisms (44).

Similar to the weight data, the LT4/placebo group experienced

non-significant increase in total- and LDL-cholesterol which did

not occur in the LT4/LT3 group, again consistent with the

observation that LT4 alone does not restore euthyroidism.

The LT4/LT3 group had a small yet statistically significant

improvement in Tei index, a measure cardiac performance (38).

Interestingly, this is consistent with our LT3 vs. LT4 therapy trial

where a marginal improvement in diastolic function was observed

in the LT3-treated arm (32).

Overall, both groups showed a trend toward improvement in

quality of life when compared to baseline (pre-surgery). It is

possible that the anxiety associated with the upcoming surgery

may have played a role. Indeed, the changes in “eye” domain which

one would not expect be affected by the surgery (since Graves’

disease and thyrotoxicosis were exclusion criteria) support this
TABLE 5 Cardiovascular parameters.

LT4/LT3 LT4/placebo

Baseline
End of
study

Delta p Baseline
End
of study

Delta p
p for
Delta

SBP (mmHg) 125[119-131] 128 [120-140] 2.4 [0.4 – 6.5] 0.08 130 [127-137] 127 [171-136] -8.5 [-10.7 - 0] 0.25 0.11

DBP (mmHg) 75 [63-83] 74 [58-85] -2.4 [-10.1 – 3.8] 0.42 76 [70-89] 73 [62-84] -11.4 [-15.8 – 15.2] 0.27 0.53

HR (bpm) 81 [61-100] 70 [61-82] 1.4 [-28.4 – 9.7] 0.69 81 [50-95] 81 [54-96] 1.1 [-2.0 – 16.0] 0.29 0.53

LVEDV (ml) 89 [68-108] 67 [64-108] -4.0 [-24.9 – 15.5] 0.50 90 [82-98] 75 [75-90] -5.6 [-23.0 - 0] 0.12 0.76

LVESV (ml) 37 [26-51] 27 [24-44] -15.1 [-32.2 – 17.0] 0.35 35 [29-37] 29 [26-39] -6.9 [-14.0 – 2.9] 0.20 0.43

LVEF (%) 59 [54-62] 59 [57-66] 8.0 [-5.7 – 14.6] 0.23 60 [54-70] 64 [57-65] -3.7 [-7.9 – 5.6] 0.60 0.43

E (ms) 77 [54-85] 74 [51-84] -1.2 [-12.6 – 7.5] 0.59 71 [56-76] 68 [57-79] 1.8 [-8.1 – 26-1] 0.61 0.64

A (ms) 57 [44-96] 66 [49-89] 0 [-7.0 – 18.4] 0.85 58 [42-93] 65 [55-76] 12.2 [-18.5 – 13.5] 0.74 0.76

E/A ratio 1.1 [0.9-1.3] 1.0 [0.9-1.2] -2.4 [-19.1 – 6.5] 0.35 1.2 [0.8-1.2] 1.2 [0.9-1.3] -3.1 [-19.0 – 2.9] 0.40 1

DT (ms) 210 [180-220] 227 [209-271] 8.1 [-2.4 – 50.4] 0.14 190 [155-208] 211 [183-239] 16.8 [-4.1 – 19.5] 0.06 1

E/DT ratio 0.34 [0.26-0.47] 0.30 [0.22-0.36] -10.7 [-35.4 – 6.7] 0.23 0.39 [0.27-0.43] 0.31 [0.23-0.43] -12.9 [-22.5 – 34.0] 0.61 1

AE (ms) 419 [370-482] 420 [381-451] -3.9 [-14.3 – 14.8] 0.89 441 [339-495] 419 [398-478] 3.0 [-13.1 – 17.1] 0.61 0.88

ET (ms) 270 [266-325] 309 [262-324] 1.1 [-8.6 – 14.4] 0.69 348 [259 -353] 308 [264-318] -0.8 [-10.2 – 12.0] 0.60 0.64

Tei Index 0.36 [0.32 – 0.68] 0.32 [0.29-0.55] -12.7 [-21.7 - -8.5] 0.04 0.27 [0.25-0.40] 0.36 [0.33-0.55] 18.2 [3.8 - 100] 0.08 0.005

E’ (cm/s) 8.1 [7.3-11.7] 6.9 [6.5-12.5] -5.3 [19.9 – 10.8] 0.69 9.1 [9.0 – 9.8] 9.5 [7.6-10.0] 4.9 [-21.3 – 11.1] 1 0.88

E/E’ (cm/s) 8.4 [5.3-11.0] 8.2 [6.1-10.4] 1.8 [-9.0 – 19.4] 0.89 7.2 [5.9-8.3] 7.5[6.1-9.2] -3.4 [-16.7 – 22.9] 0.87 1

E’/DT 0.04 [0.03-0.06] 0.03 [0.03-0.05] -15.2 [-39.1 – 5.0] 0.35 0.05 [0.04-0.06] 0.04 [0.03-0.05] -9.9 [-28.6 – 2.0] 0.09 0.53

Ea 2.1 [2.0-2.9] 2.8 [1.9-2.9] -1.9 [-12.5 – 30.8] 0.69 2.1 [1.8-2.7] 2.2 [1.8-2.7] -2.2 [-12.1 – 26.5] 0.87 1

Ees 3.0 [2.4-4.5] 3.8 [2.9-4.9] 19.6 [-8.2 – 57.4] 0.35 3.6 [3.3-3.9] 3.7 [2.5-4.8] -2.2 [-5.4 – 31.4] 0.61 0.53

Ea/Ees 0.70 [0.63-0.87] 0.67 [0.54-0.57] -18.0 [-27.4 – 15.2] 0.35 0.70 [0.44-0.85] 0.57 [0.56-0.77] 2.7 [-15.5 – 29.3] 0.87 0.53
fron
A, atrial contraction transmitral flow velocity at pulsed wave Doppler; AE, time between end of atrial contraction and mitral valve closure and mitral opening with initiation of early filling; DBP,
diastolic blood pressure; DT, transmitral early flow velocity deceleration time; E, early transmitral velocity at pulsed wave Doppler; E’, tissue Doppler velocity of the mitral annulus averaged
between medial and lateral; Ea, arterial elastance; EES, end-systolic elastance; ET, ejection time; HR, heart rate; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection
fraction; LVESV, left ventricle end-systolic volume; SBP, systolic blood pressure. Data are presented as median and interquartile range.
Bold font indicates statistical significance.
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interpretation. This is consistent with the observations of Azaria

and colleagues (45).

The study was conducted during the COVID-19 pandemic

which hampered recruitment and retention, as many potential

participants objected to the “clinically unnecessary” pre-surgical

and subsequent overnight admissions for baseline energy

expenditure recording and overnight follow up studies. This led

to an unanticipated limited number of participants and a significant

attrition rate, causing an underpowered study and the need to use

suboptimal (last measure carried forward in individuals who did

not complete the 6-months visit) statistical analysis. It should be

noted that the primary goal of the study was to provide point

estimates for the design of larger intervention studies (30). To this

end, the trend and the consistency of the findings clearly provides

an unequivocal “go” to proceed with larger studies. By applying the

point estimates of this study in post-hoc analyses, 11 participants in

each treatment arm would provide 80% power to demonstrate a

difference in weight, while 16 participants would provide 80%

power to demonstrate a difference in total cholesterol between

groups similar to the ones we observed in our study.

Another limitation of the study is that by design the recruitment

was limited to patients undergoing total thyroidectomy, thus resulting

in hypothyroidism devoid of residual TH production. It is possible

that the point estimates obtained in this population comparing LT4/

LT3 therapy to LT4/placebo are larger than the effects in patients with

hypothyroidism due to autoimmune thyroid disease who presumably

have some degree of residual TH production (26).

Our study design did not allow for adjustment of LT3 dosing

neither as ratio to LT4 nor to participants’ weight. Within the LT4/
Frontiers in Endocrinology 0881
LT3 treatment group the ratio LT3/LT4 ranged between 1:10 and 1:6,

above the estimated endogenous T3 production from the thyroid

gland (46). This is an obvious limitation driven by the practical need

to use commercially available LT3 formulations which could then be

utilized in larger studies. The trend toward a decrease in TSH,

associated with decrease in weight and lipids observed in the LT4/

LT3 group compared to baseline, suggests that the LT3 dosing

employed in this study is supraphysiologic (pharmacologic). This is

an important consideration which will need to be addressed by

subsequent studies. Prior studies demonstrated that changes in

TSH achieved by modulation of LT4 dose did not result in changes

in indices of TH action (weight, cholesterol, energy expenditure) (47),

thus the differences observed between groups are unlikely attributable

to the non-significant differences in TSH at the end of the study. Of

note, the “low” TSH in that particular study was higher than the

average TSH observed in the LT4/LT3 group, hence one could

speculate that the LT4 dose was not sufficient to exert a measurable

metabolic effect. We did not measure additional indices of TH action

such as sex hormone binding globulin or angiotensin converting

enzyme (48). In the context of a feasibility study for a larger

(effectiveness) trial these assays would have provided only limited

additional information. Due to the limited number of patients, an

assessment of the role of common polymorphisms in the type-2

deiodinase and TH transporter genes (49–51) on the response to

therapy were not feasible.

Despite its limitations, this study has clearly demonstrated that

LT4 alone, while normalizing TSH, does not restore euthyroidism

when considering the circulating TH levels (9). Moreover, the lipid

profile and weight data, which are clinically relevant indices of TH
TABLE 6 Quality of life (Thy-PRO-39).

LT4/LT3 LT4/placebo

Domain Baseline End of study Delta p Baseline End of study Delta p p for Delta

Goiter 60.0±41.0 15.0±25.3 -45.0±38.0 0.057 23.8±36.8 0.0±0.0 -23.8±36.8 0.137 0.355

Hyperthyroid 25.0±20.7 10.0±19.0 -15.0±18.1 0.136 23.2±29.9 10.7±10.6 -12.5±20.4 0.156 0.829

Hypothyroid 36.2±34.3 26.2±27.4 -10.0±24.0 0.405 11.6±17.5 14.3±14.8 2.7±17.2 0.695 0.310

Eye 26.7±27.2 21.7±29.8 -5.0±12.6 0.426 16.7±17.3 3.6±17.3 -13.1±17.9 0.101 0.408

Tiredness 78.3±31.5 41.7±40.4 -36.7±45.1 0.143 45.8±28.9 34.5±16.3 -11.2±19.3 0.174 0.207

Cognitive 60.0±42.2 26.7±29.7 -33.3±45.3 0.175 23.8±15.6 9.5±8.9 -14.3±15.8 0.054 0.320

Anxiety 65.0±38.4 23.3±21.6 -41.7±45.3 0.109 19.1±15.7 4.8±6.6 -14.3±19.1 0.095 0.178

Depressivity 56.7±42.2 26.7±30.8 -30.0±42.7 0.192 16.6±12.7 14.3±6.3 -2.3±11.5 0.609 0.128

Emotional 61.7±32.0 21.7±20.9 -40.0±41.8 0.099 21.4±22.5 11.9±11.6 -9.5±19.0 0.231 0.116

Social life 25.0±34.3 0.0±0.0 -25.0±34.3 0.179 9.5±14.0 0.0±0.0 -9.5±14.0 0.121 0.301

Daily life 50.0±46.8 11.7±18.3 -38.3±51.2 0.211 9.5±14.0 2.4±4.0 -7.1±13.1 0.199 0.148

Appearance 50.0±47.1 11.7±16.2 -38.3±62.8 0.244 17.9±37.4 8.3±22.0 -9.5±47.2 0.613 0.384

Composite 65.0±37.9 20.0±27.4 -45.0±64.7 0.195 17.9±23.8 3.6±9.4 -14.3±28.3 0.231 0.285
ThyPRO-39 score: 0-100±SD, higher value worst outcome. No correction was made for multiple comparisons.
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action, suggest that “optimal” LT4 therapy (1) in individuals devoid

of endogenous TH production not only results in measurable

abnormalities in circulating TH homeostasis, but possibly in

inability of restoring euthyroidism at important end-organ targets

of the hormonal action. Conversely, the supplementation of LT3

appears to be able to prevent these changes. The consistency of

trends across multiple indices of TH action does not support the

interpretation that our findings are due to type II error.

In conclusion, this feasibility study provides supportive

evidence to design adequately powered large studies to evaluate

the efficacy and effectiveness of LT4/LT3 combination therapy for

the treatment of hypothyroidism, at least in patients undergoing

total thyroidectomy.
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Sex differences in diet-induced
MASLD – are female mice
naturally protected?
Jana Meyer1, Ana Mendes Teixeira1†, Sandy Richter1,
Dean P. Larner2, Asifuddin Syed2, Nora Klöting3,
Madlen Matz-Soja4, Susanne Gaul1,5, Anja Barnikol-Oettler1,
Wieland Kiess1, Diana Le Duc6,7, Melanie Penke1

and Antje Garten1*

1Center for Pediatric Research, University Hospital for Children and Adolescents, Leipzig University,
Leipzig, Germany, 2Department of Biosciences, School of Science and Technology, Nottingham Trent
University, Nottingham, United Kingdom, 3Helmholtz Institute for Metabolic, Obesity and Vascular
Research (HI-MAG) belonging to Helmholtz Center Munich at the University and University Hospital,
Leipzig, Germany, 4Division of Hepatology, Clinic and Polyclinic for Oncology, Gastroenterology,
Hepatology, and Pneumology, University Hospital Leipzig, Leipzig, Germany, 5Klinik und Poliklinik für
Kardiologie, University Hospital Leipzig, Leipzig University, Leipzig, Germany, 6Institute of Human
Genetics, University Medical Center Leipzig, Leipzig, Germany, 7Department of Evolutionary Genetics,
Max Planck Institute for Evolutionary Anthropology, Leipzig, Germany
Males suffer more often from profibrotic changes in liver than females. The

underlyingmechanism for this sex difference in the prevalence andmanifestation

of Metabolic dysfunction-associated Steatotic Liver Disease (MASLD) is not yet

completely known. We studied male and female mice that were induced to

develop MASLD by consuming a “fast food” diet (FFD) and assessed metabolic

phenotype as well as liver histology and compared them with mice fed with a

matched control diet (CD). Our aim was to check for sex-specific differences in

MASLD development in a mouse model of diet-induced profibrotic changes in

the liver. Our results demonstrate a clear difference in body weight, fat

distribution and changes in liver tissue for male and female mice fed with FFD.

We found that female mice stored lipids mainly in subcutaneous and visceral

adipose tissue while males increased ectopic lipid accumulation in the liver which

resulted in hepatomegaly and increased transforming growth factor b 1 (Tgfb1)

and collagen I (Col1a1) expression concomitant to fibrosis development. This was

absent in female mice. Analysis of estrogen receptor -a (Esr1) and -b (Esr2)

expression revealed an upregulation of Esr2 in livers of male FFD-fed mice

whereas in female liver tissue a higher expression in Esr1 could be observed. This

study supports Esr1 and Esr2 as potential targets to reverse negative effects of

diet-induced profibrotic changes in the liver.
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1 Introduction

Metabolic dysfunction-associated Fatty Liver Disease (MAFLD)

(1) or Metabolic dysfunction-associated Steatotic Liver Disease

(MASLD) (2), previously named non-alcoholic fatty liver disease

(NAFLD), is the major chronic liver disease worldwide (3).

MASLD denominates a spectrum of liver diseases ranging from

simple accumulation of triglycerides in liver (steatosis) to

inflammation (steatohepatitis, MASH) and fibrosis (4, 5). The

disease is strongly correlated with obesity and insulin resistance (6).

Hepatic fibrosis is characterized by an excessive deposition of

extracellular matrix (ECM) that could evolve to cirrhosis or

hepatocellular carcinoma (7). Previously thought to be irreversible

(8), a number of studies have shown a potential reversal of all stages

of fibrosis (9, 10). For this reason, understanding the process of

fibrogenesis allows the identification of markers of disease

progression and offers a potential target for therapeutic intervention.

One possible target could be transforming growth factor beta

(Tgf b), which is involved in all stages of MASLD progression. Tgf b
plays a pivotal role in fibrosis development through inducing ECM

protein production and activating hepatic stellate cells (HSC) (11).

These liver injury activated HSCs have a key function in liver

regeneration too, and are the key producers of collagen, the

deposition of which is involved in the development of fibrosis and

which is the most abundant component of ECM (6, 12, 13).

The incidence of MASLD is highest in obese children and adult

men; however incidences also increase in menopausal and

postmenopausal women (14–16). A groundbreaking study was

published in 2000, supporting the notion that sexually dimorphic

risk factors are associated with MASLD (17). Many studies suggest

that estradiol (E2) can be responsible for these sex differences and

variable incidence ratios. The estrogen receptors (Er) a and b are

the mediators of estrogen action and expressed in adipose tissue.

The precise role of Er a and b in MASLD development is not

clarified. Previous studies demonstrated that hepatic steatosis

occurred in Esr1 knockout mice (18) but not in Esr2 deficient

male mice (19). In addition, estrogen deficiency promotes MASH

progression in high-fat and high-cholesterol fed mice (20).

Moreover, it has been shown that high fat diet-fed rats develop

fatty liver and hepatic insulin resistance after three days of feeding

(21). Fast food diet-fed mice show also higher levels of aspartate

aminotransferase (ASAT) as indicator of hepatocyte damage

compared to control diet fed mice (22).

Using this mouse model of diet-induced fibrosis MASH (22) we

aimed to identify sex-specific differences in MASLD development

and ascertain factors involved, which could be targeted to prevent

fibrotic changes in metabolic liver disease.
2 Materials and methods

2.1 Chemicals and Reagents

Unless otherwise stated, chemicals were bought from Sigma-

Aldrich (St Louis, USA).
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2.2 Animal experiments

Mouse experiments were performed in accordance with the

guidelines approved by the local authorities of the State of Saxony,

Germany, as recommended by the responsible local animal ethics

review board (Landesdirektion Saxony, Leipzig, TVV43/14).

C57BL/6NCrl mice (28 male, 28 female), 6 weeks old, were

purchased from the Medical Experimental Center, Leipzig

University and randomized according to fat mass into 4 groups

per sex (n=7 each). Mice were housed in groups of 3‐4 at 22 ± 2°C

on a 12 h light/dark cycle with free access to feed and water, checked

daily for signs of illness and weighed once a week.

Starting from an age of 8 weeks, mice of both sexes were fed

either a control diet (CD88137, 5.1% crude fat, 23.2% sugar, no

cholesterol) or the “fast food” diet, a modified Western diet

(TD88137, Ssniff, Soest, Germany) containing 21.2% crude fat,

33.2% sugar and 2% cholesterol, providing 40% of energy as fat

(milk fat, 12% saturated) for 16 or 24 weeks. This resulted in a total

of 8 experimental groups, four per time point. Drinking water for

both control and fast food diet groups was supplemented with 42 g/l

sugar solution (55% fructose and 45% glucose). This dietary

regimen has been described previously to recapitulate features of

the metabolic syndrome and NASH with progressive fibrosis (22).

Lean and fat mass were assessed by EchoMRI™ in week 8, 15 and

23. Intraperitoneal glucose tolerance tests (GTTs) were performed

at the age of 16 and 24 weeks after an overnight fast of 12 h by

injecting 2 g glucose per kg body weight. Blood samples for glucose

measurements were taken from the tail vein after 0, 15, 30, 60, and

120 min and measured by using an automated glucose monitor

(GlucoMen; Menarini Diagnostics, Wokingham, U.K.) as described

previously (23). Mice were sacrificed by CO2 asphyxiation, followed

by cardiac puncture for blood collection and by organ collection.

Blood was incubated at room temperature for 1h and centrifuged at

10 min, 2500 x g for serum collection to measure liver enzymes and

glycated haemoglobin (HbA1c). Organs (liver, subcutaneous fat

(SAT), epididymal [visceral] fat (VAT)) were harvested, weighed

and processed for histological and biochemical analyses or snap

frozen in liquid nitrogen.
2.3 Laboratory analyses

HbA1c and activities of alanine aminotransferase (ALAT) and

aspartate aminotransferase (ASAT) in serum were measured

spectrophotometrically as indicators of hepatocellular

disintegration and necrosis using a Cobas C111 analyzer (Roche

Diagnostics ; Rotkreuz, Switzerland) according to the

manufacturer’s instructions.
2.4 Histological analyses

Adipose tissue histology, measurements of lipid droplet size and

number and adipocyte size distributions analyses were performed as

previously described (24). A liver lobe (lobus hepatis sinister) was
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fixed in 4% paraformaldehyde for 3 days, paraffin-embedded and

stained with hematoxylin and eosin for histological evaluation of

the percentage of liver fat. Hepatic steatosis was quantified using

ImageJ (25)from 100x magnified TIFF micrographs (n = 5-7 images

per experimental group) and represented as the percentage of

vacuoles as a proxy for lipid accumulation present in each

section. Picrosirius red staining was used for fibrillar collagen

detection and quantified using ImageJ analysis of 200x magnified

TIFF micrographs (26) (n=6-7 images per experimental group).

Another lobe (lobus medialis dexter) was cryo-embedded in Tissue-

Tek and cryo-sectioned (6 µm), fixed in 4% formalin and stained

with Oil-Red O for lipid droplet quantification with ImageJ (n=4-6

images per experimental group) as described previously (27). For

visualization, an EVOS FL Auto 2 microscope (Thermo Scientific)

was used.
2.5 Gene expression analysis

Total RNA of liver tissue was extracted using TRIzol® Reagent

(Life Technologies) according to manufacturer’s protocol. 1 µg of

total RNA was transcribed into cDNA by M-MLV Reverse

Transcriptase (#28025013, Invitrogen). Quantitative PCR analyses

were performed using the Absolute qPCR SYBR Green Low ROX

Mix (Thermo Scientific) or qPCR Master Mix Plus ROX

(Eurogentec) and the Applied Biosystems QuantStudio 3 System

(Thermo Scientific). Gene expression values are shown as fold

changes respective to male CD fed mice. Cyclophilin b

alternatively designated as peptidylprolyl isomerase b (Ppib) or

hypoxanthin-phosphoribosyltransferase (Hprt) were used as

housekeeping genes for normalization. The specific primer

sequences are listed in Supplementary Table S1.
2.6 Statistical analysis

All statistical analyses were performed using GraphPad Prism

version 10.2.3 for Windows, GraphPad Software, Boston,

Massachusetts USA, www.graphpad.com. Analyses comparing

male and female mice on CD or FFD (sex and diet as

independent variables) were performed using two-way analyses of

variance (ANOVA) with subsequent Tukey´s multiple comparisons

post hoc test. Differences in gene expression fold changes were tested

with one sample t-test. All data were presented as means ± SD.

Statistical significance was defined as p < 0.05.
3 Results

3.1 Female FFD-fed mice stored more fat
in adipose tissue depots than males

To determine the sex-specific impact of FFD, we measured body

weight, fat and lean mass, the weight of adipose tissue depots and

mean adipocyte size after 16 and 24 weeks on the respective diets.
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As expected, body weight of all mice, regardless of sex and diet,

increased over the course of time (Figure 1A). Male FFD-fed mice

gained weight faster and had a higher mean weight at the end of the

24-week period (47.0g ± 2.0g, n=7) than FFD females (38.7g, ± 1.9g,

n=7) and CD male mice (35.8g ± 5.5g, n=7). Female mice on CD

had the lowest body weight (31.0g ± 3.2, n=7, Figure 1B).

We compared fat mass, subcutaneous adipose tissue (SAT) and

visceral adipose tissue (VAT) normalized to body weight at 16 weeks

with 24 weeks. Fat mass was higher in both male and female FFD-fed

mice compared to CD-fed mice at both 16 and 24 weeks, while there

were no differences in fat mass between males and females on FFD at

either time point (Figures 1C, D). Interestingly, at 16 weeks, fat mass

of CD-fed mice was higher in males (10.9g ± 2.0g, n=6) compared to

females (3.6g ± 1.0g, n=7; p<0.0001, Figure 1C), which was not the

case anymore at 24 weeks (males 15.7 ± 3.1g, females 14.1 ± 2.8g,

Figure 1D). Lean mass was not different between diets at any time

point, but higher in males than in females on their respective diet at

24 weeks (Supplementary Figures S1A, B).

To examine sex-specific differences in fat deposition, we took a

closer look at SAT and VAT weight. At 16 weeks, female mice on

FFD had significantly more SAT relative to their body weight (3.4 ±

0.3, n=7) than FFD-fed males (2.4 ± 0.6, n=6, p=0.00332, Figure 1E)

and CD females (1.4 ± 0.5, n=7, p<0.0001; Figure 1E). At 24 weeks,

the difference between CD and FFD-fed mice was significant only

for males (1.8 ± 1.0 vs. 2.8 ± 0.5, n=7, p=0.0296), while CD-fed

females had accumulated more SAT/body weight than CD-fed

males (2.8 ± 0.7 vs. 1.8 ± 1.0, n=7, p=0.0474). There was no more

difference in SAT/body weight between CD and FFD-fed females at

24 weeks (Figure 1F).

For VAT/body weight, there was neither a difference between

FFD-fed males and females or between FFD and CD-fed males at 16

weeks (Figure 1G), while CD-fed females had significantly less

VAT/body weight than FFD-fed females (1.3 ± 0.4 vs. 4.2 ± 0.9, n=7,

p<0.0001, Figure 1G) or CD-fed males (1.3 ± 0.4 vs. 3.6 ± 1.2, n=7,

p=0.0003, Figure 1G). At 24 weeks, FFD-fed females has increased

VAT/body weight, so that it was significantly more compared to

FFD-fed males (5.8 ± 0.6 vs. 3.3 ± 0.6, n=7, p<0.0001, Figure 1H).

Absolute SAT (Supplementary Figures S1C, D) and VAT

(Supplementary Figures S1E, F) masses were similar to the

normalized masses. No significant differences in adipocyte size

could be measured after 16 (data not shown) or 24 weeks for

both adipose tissue depots (Supplementary Figures S1G, H).

Glucose tolerance at 16 weeks was similar in FFD-fed mice and

CD-fed males, with CD-fed females having a smaller area under the

curve (AUC, Supplementary Figures S2A, C; p=0.0008 comparing

CD fed male mice and p<0.0001 comparing female FFD mice, n=6-

7) than the other experimental groups. This difference vanished at

24 weeks with AUCs being similar in all groups (Supplementary

Figures S2B, D). Fasting blood glucose was higher in FFD-fed

compared to CD-fed mice of the respective sex (Supplementary

Figures S2E, F). HbA1c was higher in male compared to female

mice, but not different between CD and FFD-fed mice

(Supplementary Figures S2G, H).

Collectively, we found sex-specific differences of body weight

and fat distribution between male and female mice. Female FFD-fed
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FIGURE 1

Fast food diet (FFD) fed mice showed sex-dependent differences in body weight, fat mass, and subcutaneous (SAT) or visceral (VAT) adipose tissue
compared to control diet (CD) fed mice. (A) Body weight increase over the time course of the study (24 weeks). Male FFD mice in dark blue, male
CD mice in light blue (both groups n = 13 until week 16, n = 7 until week 24), female FFD mice in dark red, female CD mice in light red (n = 14 until
week 16, n = 7 until week 24). (B) At 24 weeks, male mice fed with FFD had a higher body weight compared to FFD-fed female (1.2fold, p=0.0008)
and CD-fed male mice (1.3fold, p<0.0001). (C) At 16 weeks, fat mass of both FFD-fed groups was higher compared to CD-fed mice. CD-fed males
had higher fat mass than CD-fed females (3fold, p<0.0001). (D) At 24 weeks, fat mass was increased in FFD-fed vs. CD-fed mice for both, males
(1.7fold, p=0.0189) and females (1.6fold, p=0.0116). (E) At 16 weeks, SAT per body weight was higher in FFD female mice than in CD female mice
(2.4fold, n=7 per group, p<0.0001) and FFD male mice (1.4fold, p=0.0032). (F) At 24 weeks, SAT per body weight was higher in FFD-fed compared
to CD-fed male mice (1.6fold, p=0.0296). (G) At 16 weeks, VAT per body weight was higher in FFD-fed compared to CD-fed female mice (3.2fold,
p<0.0001). Male CD-fed mice had higher VAT per body weight than female CD-fed mice (2.8fold, p=0.0003). (H) At 24 weeks, FFD-fed females had
a higher VAT per body weight than both, CD-fed females (1.5fold, p=0.0013) and FFD-fed males (1.8fold, p<0.0001). Data are presented as mean ±
SD, with points indicating 6-7 mice per group. Differences <0.05 were considered significant as determined by two-way analyses of variance
(ANOVA) with subsequent Tukey´s multiple comparisons post hoc test.
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mice had more SAT then CD-fed females already at 16 weeks and

increased their VAT depot at 24 weeks, whereas male mice on FFD

had similar amounts of SAT than CD males and showed increased

SAT at 24 weeks. This points to a sex-dependent difference in the

preferred fat storage depot in this animal model.
3.2 Fast food diet causes lipid
accumulation mainly in livers of male mice

We next checked for sex-specific differences regarding fat storage

in the liver. Liver per body weight of 16 week old mice was

significantly higher in FFD-fed compared to CD-fed males (1.6fold,

n=6, p<0.0001) and compared to female FFD-fed mice (1.3fold, n=6

males, 7 females, p=0.0055, Figure 2A). Similar differences in liver/

body weight were seen at 24 weeks in males (CD male 4.1± 0.8, n=7,

FFD male 7.1 ± 1.3, n=7, p<0.0001). In 24 week old females, the liver

weight difference between FFD and CD-fed mice became significant

(CD female 4.4 ± 0.8, n=7, FFD female 6.0 ± 1.1, n=7, p=0.0247;

Supplementary Figure S3A). The macroscopic differences between

livers of male FFD and CD mice were also obvious, with livers from

FFD mice being considerably bigger and paler than from CD mice

(Supplementary Figure S3B). Similarly, absolute liver weights were

also higher in FFD males (2.9g ± 0.7g, n=6) compared to CD males

(1.5g ± 0.3, n=6, p<0.0001) and to FFD females (1.8g ± 0.3, n=7,

p=0.0004) after 16 weeks (Supplementary Figure S3C) and after 24

weeks (Supplementary Figure S3D). This suggests that the amount of

liver fat in females increased between 16 and 24 weeks. Moreover,

livers from male FFD-fed mice were heavier than the FFD-fed

female ones.

Liver lipid accumulation was visible as vacuoles in both male

and female mouse livers from FFD-fed mice after 16 (Figure 2B)

and 24 (Supplementary Figure S4A) weeks, but was more

pronounced in livers from male FFD-fed mice. Quantification

showed a significantly higher percentage of steatosis in FFD-fed

compared to CD-fed mice at 16 weeks (males: 3fold, n=,6,

p=0.0157; females 4.8fold, n=5,6, p=0.0958, Figure 2C). At 24

weeks, there was no significant difference between male and

female mice on either diet (Supplementary Figure S3E).

Hepatocellular ballooning as a sign for hepatocyte damage

could be observed in some livers from FFD-fed mice, both at 16

and 24 weeks (Supplementary Figure S4B). In contrast, we did not

observe any signs of immune cell infiltration, based on images from

H&E stained tissue (Supplementary Figures S4A, B).

In order to examine markers for liver damage, we measured

serum liver enzymes alanine aminotransferase (ALAT) and

aspartate aminotransferase (ASAT). After 16 weeks, ALAT was

significantly higher in male FFD-fed compared to CD-fed mice

(p=0.0262; Figure 2D), implying more damage to hepatocytes in

FFD males. This difference persisted at 24 weeks (Supplementary

Figure S3F). ASAT measurements did not show significant

differences (data not shown).

To assess histological changes, more specifically the

incorporation of lipids into hepatocytes, we measured lipid droplet

content by Oil Red O (ORO) staining (Figure 2E). We found that
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livers from male mice after FFD feeding presented more and bigger

lipid droplets than the female ones, especially at 24 weeks. Already at

16 weeks, males on FFD showed a 4.1fold higher number of hepatic

lipid droplets compared to CD males (n=4, p=0.026, Figure 2F).

Although there were more hepatic lipid droplets also in female mice

on FFD compared to CD, the difference was not significant

(Figure 2F). After 24 weeks, males on FFD showed an 8.5fold

higher hepatic lipid droplet number than CD males (n=5,

p=0.025), while in females, hepatic lipid droplet number was

similar between CD and FFD-fed mice (Supplementary Figure S3G).

The size of hepatic lipid droplets was not significantly different

between CD-fed and FFD-fed mice after 16 weeks (Figure 2G). After

24 weeks, FFD-fed mice of both sexes showed larger hepatic lipid

droplets (males 5.4 ± 0.5 µm compared to 3.1 ± 0.5 µm, n=5; p=0.0004,

females 4.9 ± 1.0 µm compared to 3.2 ± 0.5 µm, n=6, p=0.0023)

compared to the respective CD-fed mice (Supplementary Figure S3H).
3.3 FFD feeding promotes signs of fibrosis
only in male mouse livers

Given the increased amount of hepatic lipids and significantly

higher ALAT serum levels in male FFD-fed mice, we next examined

the extent of collagen deposition as a measure for profibrotic changes

at 16 and 24 weeks.We did not see picrosirius red (PSR) staining after

16 weeks (data not shown), but found more PSR positive areas in

livers of male FFD-fed mice compared to CD-fed mice after 24 weeks.

Quantification of staining suggested a higher amount of collagen

deposition in livers of FFD-fed male mice compared to either FFD-

fed females or CD-fed mice, however with a large phenotypic

variation (FFD males: 2.1 ± 0.7, n=6, vs. FFD females: 0.2 ± 0.1,

p<0.0001, Figure 3A). There were no obvious PSR positive areas in

livers from female mice on either diet or CD fed mice (Figure 3B).

This finding was supported by significantly increased hepatic collagen

I (Col1a1) expression in male FFD-fed mice, which was detected

already after 16 weeks compared to CD-fed males (5.2fold, n=6,

p=0.0108, Figure 3C) and FFD-fed females (3.2fold, n=5, p=0.0438;

Figure 3C). The same was seen at 24 weeks with livers of FFD-fed

males showing a 7-fold higher Col1a1 expression compared to CD-

fed males (n=5-6, p=0.0050, Supplementary Figure S5A) and 2.9fold

higher compared to FFD-fed females (n=5 - 6, p=0.0365,

Supplementary Figure S5A).

We then asked what factors could contribute to increased

collagen synthesis and measured the mRNA expression of

transforming growth factor beta 1 (Tgfb1), which we hypothesized

to be higher in livers of FFD-fed mice. In fact, at 16 weeks FFD

feeding was associated with an increase in Tgfb1 expression in male

mouse livers compared to male CD-fed mice (2.4fold, n=5-6,

p=0.0095) and to female FFD-fed mice (2fold, n=5-6, p=0.0187,

Figure 3D). At 24 weeks, livers of male FFD-fed mice showed the

highest Tgfb1 expression (4fold higher in comparison to male CD,

n=6, p=0.0315, Supplementary Figure S4B), but no significant

difference to FFD-fed females (Supplementary Figure S4B). It is

interesting to note that hepatic Tgfb1 expression in female mice

hardly changed, regardless of diet or time point. Gene expression of
frontiersin.org

https://doi.org/10.3389/fendo.2025.1567573
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Meyer et al. 10.3389/fendo.2025.1567573
FIGURE 2

Fast food diet (FFD) was associated with progressive accumulation of lipids compared to control diet (CD) in male mouse livers. (A) At 16 weeks,
weight of liver per body weight was higher for males on FFD compared to CD males (1.6fold, p<0.0001) and FFD females (1.3fold, p=0.0055).
(B) Representative micrographs of male (upper) and female (lower) paraffin-embedded, hematoxylin/eosin stained mouse liver sections (100x
magnification, scale bar 500 µm) at 16 weeks on CD (left) or FFD (right). (C) At 16 weeks, percentage of hepatic steatosis was higher in FFD males
compared to CD males (3fold, p=0.0157) and showed a trend towards higher values in female livers (4.8fold, p=0.0958). (D) At 16 weeks, alanine
aminotransferase (ALAT) was higher in male FFD compared to CD mice (4.7fold, p=0.0262). (E) Lipid droplet content in male and female mouse
livers detected by Oil Red O staining at 16 and 24 weeks of CD or FFD feeding. Representative images for each time point, sex and diet are shown
(magnification 100x, scale bar 500µm). Quantification of (F) lipid droplet number and (G) lipid droplet size after 16 weeks. Lipid droplet number was
higher in livers from male FFD compared to CD mice (4.1fold, p=0.026). Data are presented as mean ± SD, points represent 3-7 mice per group,
differences <0.05 were considered significant as determined by two-way analyses of variance (ANOVA) with subsequent Tukey´s multiple
comparisons post hoc test.
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FIGURE 3

Livers from male fast food diet (FFD)-fed mice showed profibrotic changes and gene expression differences compared to FFD females and control
diet (CD)-fed males. (A) Densitometric quantification of picrosirius red (PSR)-positive areas at 24 weeks showed more PSR-positive stained liver
tissue in FFD males compared to CD males (8.1fold, p<0.0001) or to FFD females (13fold, p<0.0001). (B) Representative images of PSR- stained liver
sections from male (upper) and female (lower) mice on CD (left) or FFD (right) for 24 weeks (magnification 200x, scale bar 200 µm). Hepatic gene
expression was analyzed at 16 weeks on CD or FFD of (C) collagen I (Col1a1) and (D) transforming growth factor beta 1 (Tgfb1). Col1A1 and Tgfb1
were increased in FFD males compared to CD males (Col1A1: 5.2fold, p=0.0108; Tgfb1:2.4fold, p=0.0095) and to FFD females (Col1A1: 3.2fold,
p=0.0438; Tgfb1:2fold, p=0.0187). Gene expression of estrogen receptor a (Esr1) after (E) 16 and (F) 24 weeks. At 16 weeks, Esr1 expression was
6fold higher in female mouse livers regardless of diet. At 24 weeks, Esr1 expression in livers from female CD mice was 4.7fold (p=0.0003) and from
female FFD mice 4.6fold (p=0.0108) increased compared to livers from male mice on the respective diet. Gene expression of estrogen receptor b
(Esr2) after (G) 16 and (H) 24 weeks. Hepatic expression of Esr2 was similar in all groups after 16 weeks. At 24 weeks, Esr2 expression was higher in
male FFD-fed compared to CD-fed mice (2.4fold, p=0.0134). Data are shown as mean fold changes ± SD related to expression values in CD male
mice, with points indicating 4-7 mice per group. Cyclophilin b (Ppib) or hypoxanthine phosphoribosyltransferase (Hprt) were used as housekeeping
genes. Statistical significance was defined as p<0.05 and tested by one sample t-test.
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the gluconeogenic enzyme phosphoenolpyruvate carboxykinase

(Pepck, Supplementary Figure S5C) and glucose-6-phosphate

dehydrogenase (G6pdh, Supplementary Figure S5D), involved in

the pentose phosphate pathway, was higher in livers of male FFD-

fed compared to CD-fed male mice after 16 weeks, with a significant

difference for Pepck expression (1.8fold, n=6, p=0.0128) and a trend

towards significantly different Pepck expression compared to female

FFD mice (Supplementary Figure S5C).

Because estradiol levels are obviously different between male

and female mice and estradiol is known as a factor protecting from

metabolic liver disease, we analyze estrogen receptors alpha (Esr1)

and beta (Esr2) gene expression. Esr1 and Esr2 had different

expression patterns (Figures 3E-H). At 16 weeks, female livers

presented 4fold higher Esr1 expression compared to male livers

after CD (n=5-6, p=0.0003, Figure 3E) or FFD-feeding (n=5,

p=0.0021, Figure 3E). At 24 weeks, hepatic Esr1 expression in

female mice was 4.7fold higher compared to males (CD, n=4-6,

p=0.0003; FFD, n=5-6, p=0.0108; Figure 3F), but we saw a trend

towards higher hepatic Esr1 expression in female CD-fed mice

compared to FFD-fed females (1.6fold higher in CD vs. FFD, n=4,5,

p=0.0893). Hepatic Esr2 expression was similar in all conditions at

16 weeks (Figure 3G). After 24 weeks, livers from male FFD mice

demonstrated a higher Esr2 expression compared to CD males

(2.4fold, n=5, p=0.0134, Figure 3H).
4 Discussion

Both the prevalence and incidence of MASLD are increasing

dramatically worldwide, reaching epidemic proportions with its

onset occurring at younger ages in recent years (28–31). MASLD is

now the second leading indication for liver transplantation (32) and

accounts for an increasing proportion of hepatocellular carcinoma

(33). The need to understand underlying pathomechanisms is

therefore very considerable and medically significant.

According to the World Health Organization, the main reason

for this dramatic trend in MASLD and Metabolic Dysfunction-

associated Steatohepatitis (MASH) is the rising prevalence of

obesity worldwide (34), which is partly due to increased food

intake and a sedentary lifestyle (35). However, it should be noted

that there are sex-specific differences. MASLD mainly and

increasingly affects adult men (17, 36). Generally, women of

fertile age have a lower risk of MASLD than men, while this

protection is lost after menopause, when women have a MASLD

prevalence comparable to men (14, 37). The underlying causes are

still not fully understood. To learn more about this sexual

dimorphism in diet-induced hepatic fibrosis development of

MASLD we used a mouse model of metabolic liver disease

induced by a “fast food diet” (FFD) high in saturated fat, fructose

and cholesterol that was described to induce profibrotic changes

and hepatocyte damage in murine liver (22). We compared the

phenotype of male with that of female mice and found key
Frontiers in Endocrinology 0892
differences in fat distribution, gene expression and fibrosis

development. Of note, in the original study (22), both male and

female mice were included in each experimental group without

mentioning sex-dependent differences in phenotype.

As expected, both male and female mice on FFD gained more

weight over the course of the study than mice on CD, with a bigger

increase in male compared to female mice on FFD, as has previously

been shown in other studies (14, 22, 38). Checking WAT depot

mass at two time points during MASLD development, we could

show that, in contrast to males, female mice on FFD primarily

showed an increase in subcutaneous and, subsequently, visceral

white adipose tissue (WAT) depots. Sex differences in fat deposition

and mobilization in adipose tissue have previously been described

in mice (39) and humans (40–42), with predominant lipid

accumulation in subcutaneous WAT in females and visceral

WAT in males. Interestingly, adipose tissue of the visceral WAT

compartment contributes more to hepatic fatty acid uptake than

subcutaneous WAT because of its anatomical position (43).

We also found sex-dependent differences in hepatic lipid

accumulation, with male mice having bigger livers with a higher

percentage of steatosis and more lipid droplets already after 16

weeks on FFD. While they did not quite reach the liver/body weight

ratio reported by Charlton et al. (7.1 ± 1.3 vs. 8.5), male FFD-fed

mice in our study also did not accumulate substantially more

hepatic lipids at 24 (7.1 ± 1.3) than at 16 weeks (6.6 ± 1.4). In

contrast, female FFD-fed mice reached a higher liver/body weight

ratio than CD-fed only at 24 weeks, pointing to a delayed storage of

lipids in the liver. This delay of adverse effects of FFD in females was

also seen when checking serum levels of ALAT and number of lipid

droplets. Large lipid droplets are a hallmark of steatosis (44, 45)

There is evidence that the accumulation of lipids in the liver is

linked to liver fibrosis, inflammation, apoptosis and cancer (11, 46).

Blood glucose levels during GTT were strikingly lower in CD-fed

female mice compared to the other groups at 16 weeks, pointing to a

faster glucose metabolism and mirroring the lower overall fat mass

as well as visceral fat per body weight in CD-fed females. This

difference was lost completely at 24 weeks, when glucose tolerance

was similar between all groups regardless of diet or sex. In contrast,

Charlton et al. observed a significant higher blood glucose level after

weeks on fast food vs. control diet or a high fat diet, indicating a

bigger impact of fast food diet on glucose metabolism than in our

study. Other differences included a higher level of ASAT and higher

expression of myofibroblast activation marker anti-smooth muscle

actin (ASMA, data not shown) (22), for both parameters we did not

detect differences. There are several potential reasons for these

differences in phenotype, such as different mouse strains (C57/B6J

vs. C57/B6NCrl) and different animal facility (47), which was

shown to exerts a mayor influence on mouse phenotypes (47, 48).

Tgf b has been recognized as a key molecular regulator in

hepatic fibrosis. Its fibrogenic effects are mainly associated with

hepatic stellate cell (HSC) activation and the production of

extracellular matrix (ECM) protein, e.g. collagen (11). Moreover,
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Tgf b signaling in hepatocytes under metabolic stress mediates

hepatocyte death and lipid accumulation (49, 50), which are

processes leading to the development of steatohepatitis (50).

Our study revealed that in contrast to fat accumulation, Tgfb1

and Col1a1 expression increased over time in male livers, suggesting

that fibrosis was exacerbated with prolonged FFD feeding. This

points to a sex difference in fibrosis development, as we did not

observe these gene expression changes in the female mouse livers.

Previous studies have shown that estradiol prevented reactive

oxygen species and Tgfb1 production in cultured rat HSC (51).

Interestingly, another study showed that the fibrogenic genes, Tgfb1

and Col1a1, were upregulated in the livers of female ovariectomized

and high-fat/high-cholesterol-fed mice (20). Estradiol and its

derivatives were previously shown to be potent endogenous

antioxidants that reduce lipid peroxide levels, are linked to fat

metabolism in the liver (52, 53) and associated with sex-specific

differences in fibrosis development (14, 36, 54).

Because hepatic estrogen receptors (Er) a and/or b mediate

estrogen action (54), we asked whether the expression of these

receptors shows sex-dependent differences in mouse livers, which

could provide an explanation for the previously observed sex-specific

differences in fibrosis development. A recent rodent study revealed

that Er a, but not Er b, plays an essential role together with

peroxisome proliferator-activated receptor-g coactivator 1 a
(Pgc1a). Expression of Pgc1a was shown to be inversely correlated

with liver fat and MASLD severity. Er a partnering with Pgc1a is

associated with a reduction of oxidative stress damage and impairs

the transition from steatosis to severe steatohepatitis (55).

Furthermore, Esr1 knockout mice develop hepatic steatosis more

often than their wild-type controls as a consequence of the increased

expression of genes involved in de novo lipogenesis (18, 56). Similar

protective effects of Er a were also found in other studies (57–59). In

contrast to these studies, hepatic Er a was shown to be not required

for the protection against FFD-induced hepatic steatosis in female

mice and did not mediate sexual dimorphism in liver mitochondria

function (60). Er b expression was found to be favorable in different

animal models of liver injury (61, 62) mainly acting through

suppression of hepatic stellate cell activation (63).

In our study, Esr1 and Esr2mRNA levels encoding for Er a and

b, respectively, were similar in livers from 16-week-old male mice,

but differed in female livers, with a higher expression of Esr1 in

female mouse livers at 16 weeks, which was, however, not

dependent on diet. High hepatic Esr1 expression was also

reported in other studies, where normal rat livers primarily

express Esr1 with low levels of Esr2 (64). Interestingly, in our

study, expression of Esr2 was doubled in male livers from FFD-

fed mice after 24 weeks, while there was a trend towards higher Esr2

expression, but no significant changes in Esr1 expression in female

livers. This could suggest a compensatory upregulation of hepatic

Esr2 in males to prevent further damage after prolonged FFD.

In humans, the occurrence of MASLD was found to be higher

in menopausal and postmenopausal than in premenopausal

women (36) . Bes ides , ovar ian senescence , v ia hypo-

estrogenemia, facilitates both the development of massive

hepatic steatosis and the fibrotic progression of liver disease
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(65). The creation of novel medications based on the protective

effects of estrogens could provide new therapeutic strategies for

the treatment of MASLD (66). Our results support this proposed

concept and additionally point specifically to Er b as potential

target for novel MASLD treatment options.

In summary, we found that a diet high in fat, fructose and

cholesterol led to an increased fat accumulation and an

upregulation of profibrotic factors in livers of male mice, while

female mice appeared to store excess fat mainly in subcutaneous

and visceral adipose tissue depots. We also saw a diet- and time-

associated change in expression patterns of estrogen receptors

which was more pronounced in male mouse livers. Female mice

seemed to be protected against these profibrotic changes.
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Background: The Lipid Accumulation Product (LAP), a novel indicator of fat 
accumulation, reflects the distribution and metabolic status of body fat. This 
study aims to evaluate the relationship between adult Americans’ prevalence of 
osteoporosis and LAP.

Methods: This study used data from the NHANES cycles 2007–2010, 2013–2014, 
and 2017–2018, including 4,200 adults aged 50 and above. LAP was calculated 
using waist circumference and triglyceride levels, whereas osteoporosis 
was identified using information from dual-energy X-ray absorptiometry 
(DXA) assessments of bone mineral density (BMD). Restricted cubic spline 
(RCS) analysis was evaluated the relationship between LAP and osteoporosis. 
Additionally, subgroup analyses were conducted to assess the impact of 
demographic characteristics and health status on the relationship between LAP 
and osteoporosis.

Results: LAP and osteoporosis were shown to be significantly inversely correlated 
in the study. In the unadjusted model, the prevalence of osteoporosis and Log 
LAP showed a significant negative connection (OR = 0.62, 95% CI = 0.52–0.74). 
Osteoporosis prevalence decreased by 45% in the fully adjusted model for every 
unit rise in Log LAP (OR = 0.54, 95% CI = 0.44–0.66). RCS analysis revealed 
a nonlinear association between LAP and osteoporosis prevalence (P-non-
linear = 0.0025), showing an L-shaped negative correlation. Subgroup studies 
showed that, regardless of age, sex, ethnicity, or health condition, there was a 
constant negative connection between LAP and osteoporosis.

Conclusion: According to this study, there is a substantial negative relationship 
between adult prevalence of osteoporosis in America and LAP. LAP is an easy-to-
use and practical indication that may be very helpful in osteoporosis prevention 
and early detection.
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1 Introduction

Decreased bone density and the breakdown of bone 
microarchitecture are the hallmarks of osteoporosis, a systemic 
skeletal disease that raises the risk of fractures dramatically and 
decreases bone mass (1–3). As the world’s population ages more 
rapidly, osteoporosis is becoming a serious global public health 
problem (4, 5). Osteoporosis is particularly prevalent among 
postmenopausal elderly women, primarily due to estrogen deficiency 
(6, 7). The World Health Organization (WHO) estimates that 200 
million men and women worldwide suffer from osteoporosis (8). In 
addition to severely lowering patients’ quality of life, osteoporosis 
places a financial strain on healthcare systems (9, 10). The incidence 
of osteoporosis and fractures can be decreased by early identification 
and management.

Currently, dual-energy X-ray absorptiometry (DXA) is the gold 
standard for diagnosing osteoporosis. However, its application in 
large-scale screening is limited due to its high cost, equipment 
requirements, and low accessibility (11). Additionally, traditional risk 
assessment tools, such as the Fracture Risk Assessment Tool (FRAX), 
can predict fracture risk but remain controversial regarding their 
accuracy and applicability (12). Therefore, identifying an economical, 
convenient, and widely applicable biomarker for early screening and 
risk assessment of osteoporosis holds significant clinical value.

The Lipid Accumulation Product (LAP) is a novel indicator of fat 
accumulation that integrates waist circumference and serum 
triglyceride levels, providing a more accurate reflection of an 
individual’s fat distribution and metabolic status (13–15). BMI and 
body fat percentage cannot differentiate the effects of different fat types 
on bone health (16). Previous studies have demonstrated a stronger 
association between visceral fat and bone metabolism. Moreover, LAP 
has been validated as a predictive marker for metabolic syndrome-
related diseases, including diabetes, non-alcoholic fatty liver disease, 
and hypertension (17–20), suggesting its potential value in 
osteoporosis screening. However, systematic studies on the relationship 
between LAP and osteoporosis remain limited, particularly with 
regard to epidemiological evidence in the U.S. adult population.

This study utilizes data from the National Health and Nutrition 
Examination Survey (NHANES) to systematically assess the relationship 
between LAP and osteoporosis prevalence, aiming to explore the 
feasibility of LAP as a potential biomarker for early osteoporosis 
screening (21–23). Because hormones and cytokines secreted by 
visceral adipose tissue, such as leptin, may promote bone formation by 
stimulating osteoblasts (24), and a moderate increase in fat mass may 
enhance skeletal loading, thereby stimulating bone remodeling and 
increasing bone density (25). We hypothesize that LAP is significantly 
associated with bone mineral density (BMD), with higher LAP levels 
potentially correlating with a lower risk of osteoporosis. By further 
investigating this association, we aim to provide new theoretical insights 
for osteoporosis screening and prevention, as well as support future 
clinical practice and public health policies.

2 Methods

2.1 Survey description

The National Health and Nutrition Examination Survey 
(NHANES), a cross-sectional survey, uses a complex, stratified, 
multistage sampling procedure to assess the overall health and 
nutritional status of the American population. Each participant 
provided signed, informed consent, and the trial was authorized by 
the Institutional Review Board.

2.2 Study population

Data from four NHANES cycles—2007–2010, 2013–2014, and 
2017–2018—were used in this analysis. The absence of femoral bone 
density measurements led to the exclusion of data from the 2011–2012 
and 2015–2016 cycles. The inclusion criteria were: (1) participants 
aged over 50; (2) participants with complete femoral bone density 
measurements; and (3) participants with complete waist circumference 
and triglyceride data.

2.3 Calculation of LAP

Using waist circumference (WC) and triglyceride (TG) values, the 
LAP index is computed using the formula presented in earlier 
research. This is the formula for calculation: The formula for 
calculating LAP is [WC (cm) - 65] × TG (mmol/l) for males and [WC 
(cm) - 58] for women. × TG in mol/l.

2.4 Definition of osteoporosis

Using mobile examination facilities, NHANES performed DXA 
scans on the proximal femur to collect data on bone mineral density 
(BMD) in the trochanter, femoral neck, whole hip, and 
intertrochanteric areas. In accordance with WHO recommendations, 
a T-score of less than −2.5 standard deviations in total hip BMD, 
femoral neck BMD, trochanter BMD, or intertrochanteric BMD 
indicates osteoporosis. The reference group is made up of white, 
non-Hispanic women between the ages of 20 and 29. The following 
formula is used to determine the T-score: T-Score is calculated as 
standard deviation / (individual BMD - mean normal BMD).

2.5 Covariates

This study considers demographic characteristics, lifestyle, health 
status, and laboratory tests as covariates. The poverty index ratio 
(PIR), age, sex, race, and educational attainment are examples of 
demographic characteristics. The PIR is categorized as <1, 1 to <3, 
and ≥ 3 based on the results. Lifestyle factors include smoking and 
physical activity. A smoker is defined as someone who has smoked 
more than 100 cigarettes in their lifetime. The following method is 
used to calculate physical activity in metabolic equivalent of task 
(MET) minutes per week based on data from the Global Physical 
Activity Questionnaire: MET (minutes/week) is calculated as follows: 

Abbreviations: BMD, Bone Mineral Density; BMI, Body Mass Index; CI, Confidence 

Interval; DXA, Dual-energy X-ray Absorptiometry; LAP, Lipid Accumulation Product; 

MET, Metabolic Equivalent; NHANES, National Health and Nutrition Examination 

Survey; OR, Odds Ratio; PIR, Poverty Income Ratio; RCS, Restricted Cubic Spline; 

TG, Triglycerides; WC, Waist Circumference.
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MET value x weekly frequency × session time. A MET value less than 
600 min/week is defined as inactive. Other health conditions are 
determined based on physician diagnosis records or self-reports, 
including diabetes, hypertension, and chronic kidney disease. 
Laboratory tests include blood uric acid, blood urea nitrogen, blood 
creatinine, alanine aminotransferase, aspartate aminotransferase, 
blood calcium, and blood phosphorus concentrations.

2.6 Statistical analysis

Analysis was based on NHANES data from 2007 to 2018, 
excluding the 2011–2012 and 2015–2016 cycles with missing femoral 
bone density data. Baseline data were displayed based on whether 
osteoporosis was present or absent using descriptive analysis. 
Categorical variables were displayed as percentages, while 
continuous variables were displayed as means and standard 
deviations. Supplementary Figure  5 revealed that the LAP data 
presented a left-skewed distribution. LAP was logarithmically 
transformed to correct the data skew and standardize the data. The 
corrected data are shown in Supplementary Figure  6. After 
controlling for confounders, the association between LAP and 
osteoporosis was examined using logistic regression. LAP was 
converted into a four-category variable to explore trends with 
osteoporosis at different levels and enhance result robustness. 
Saturation effect analysis was used to determine the critical point 
and restricted cubic spline (RCS) analysis was used to assess the 

dose–response relationship between LAP and osteoporosis. The 
possible effects of age, sex, race, smoking, physical activity, diabetes, 
chronic renal disease, and hypertension on the correlation between 
Log LAP and osteoporosis were examined using subgroup analysis. 
More study was done to look into the relationship between Log LAP 
and BMD in different femur locations using linear regression and 
RCS analysis in order to increase result robustness and consistency. 
p < 0.05 was used as the significance criterion, and all analyses were 
conducted using R software (version 4.2.3).

3 Results

3.1 Characteristics of study population

Data extracted from the NHANES database followed the inclusion 
process as shown in Figure 1, ultimately including 4,200 participants, 
with 3,826 classified as non-osteoporotic and 374 as osteoporotic. 
Supplementary Table  1 presents weighted baseline characteristics 
based on the osteoporosis categorization, whereas Table 1 presents 
participant characteristics. In contrast to the non-osteoporotic group, 
the osteoporotic individuals tended to be non-Hispanic white, more 
females than men, and older overall. Individuals with osteoporosis 
tended to lead more sedentary lives and had elevated blood 
phosphorus and blood urea nitrogen levels. It is noteworthy that 
osteoporotic participants had lower LAP levels, suggesting LAP may 
be a protective factor against osteoporosis.

FIGURE 1

Include participants in the process.
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TABLE 1  Baseline characteristics of the study population.

Characteristic Overall Non-osteoporosis Osteoporosis p-value

n 4,200 3,826 374

Age (%) <0.001

 � <65 2,315 (55.1) 2,213 (57.8) 102 (27.3)

 � >65 1885 (44.9) 1,613 (42.2) 272 (72.7)

Sex (%) <0.001

 � Female 2068 (49.2) 1809 (47.3) 259 (69.3)

 � Male 2,132 (50.8) 2017 (52.7) 115 (30.7)

Race (%) <0.001

 � Mexican American 554 (13.2) 515 (13.5) 39 (10.4)

 � Non-Hispanic black 806 (19.2) 777 (20.3) 29 (7.8)

 � Non-Hispanic white 2008 (47.8) 1774 (46.4) 234 (62.6)

 � Others 832 (19.8) 760 (19.9) 72 (19.3)

Education level (%) <0.001

 � Under high school 1,186 (28.2) 1,056 (27.6) 130 (34.8)

 � High school or equivalent 986 (23.5) 882 (23.1) 104 (27.8)

 � Above high school 2021 (48.1) 1884 (49.2) 137 (36.6)

PIR (%) <0.001

 � <1 613 (16.3) 543 (15.9) 70 (20.5)

 � 1–3 1,670 (44.5) 1,490 (43.6) 180 (52.8)

 � >3 1,474 (39.2) 1,383 (40.5) 91 (26.7)

Activity status (%) <0.001

 � Active 1766 (42.0) 1,656 (43.3) 110 (29.4)

 � Inactive 2,434 (58.0) 2,170 (56.7) 264 (70.6)

Smoke (%) 0.144

 � No 2094 (49.9) 1896 (49.6) 198 (52.9)

 � Yes 2,103 (50.1) 1928 (50.4) 175 (46.8)

Hypertension (%) 0.74

 � No 1919 (45.7) 1751 (45.8) 168 (44.9)

 � Yes 2,276 (54.2) 2070 (54.1) 206 (55.1)

CKD (%) <0.001

 � No 4,007 (95.4) 3,668 (95.9) 339 (90.6)

 � Yes 184 (4.4) 150 (3.9) 34 (9.1)

Diabate (%) 0.146

 � No 3,236 (77.0) 2,934 (76.7) 302 (80.7)

 � Yes 808 (19.2) 745 (19.5) 63 (16.8)

Total femur BMD [mean (SD)] (gm/cm2) 0.92 (0.16) 0.95 (0.15) 0.66 (0.09) <0.001

Femoral neck BMD [mean (SD)] (gm/cm2) 0.76 (0.14) 0.78 (0.13) 0.53 (0.05) <0.001

Trochanter BMD [mean (SD)] (gm/cm2) 0.70 (0.14) 0.72 (0.13) 0.50 (0.08) <0.001

Intertrochanter BMD [mean (SD)] (gm/cm2) 1.10 (0.19) 1.13 (0.17) 0.79 (0.12) <0.001

BUN [mean (SD)] (mmol/L) 5.50 (2.31) 5.44 (2.24) 6.09 (2.86) <0.001

ALT [mean (SD)] (IU/L) 23.79 (15.30) 24.10 (15.16) 20.59 (16.40) <0.001

AST [mean (SD)] (U/L) 25.36 (13.18) 25.42 (13.37) 24.77 (11.12) 0.365

SCR [mean (SD)] (umol/L) 0.95 (0.47) 0.95 (0.46) 0.97 (0.51) 0.273

SUA [mean (SD)] (mg/dL) 5.70 (1.44) 5.73 (1.44) 5.35 (1.46) <0.001

(Continued)
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3.2 Association between LAP and 
prevalence of osteoporosis

To correct the left-skewed data of LAP, we  performed a 
logarithmic transformation (Log LAP) on LAP. The results of a logistic 
regression study that looked at the relationship between Osteoporosis 
Prevalence and Log LAP are shown in Table 2. Log LAP showed a 
significant negative correlation (OR = 0.62, 95% CI = 0.52–0.74) with 
the frequency of osteoporosis in the unadjusted model (Model 1). 
Once covariates were corrected for step-by-step, the completely 
adjusted model (Model 3) showed that for every unit increase in Log 
LAP, the prevalence of osteoporosis decreased by 45% (OR = 0.54, 
95% CI = 0.44–0.66). Further analysis after converting LAP into a 
categorical variable revealed that as LAP levels increased, the 
prevalence of osteoporosis significantly decreased (P-trend <0.001). 
Even after adjusting for every other variable, there was still a significant 
negative correlation between the highest quartile of LAP levels and the 
prevalence of osteoporosis (OR = 0.33, 95% CI = 0.19–0.55).

3.3 Nonlinear relationship and saturation 
effect analysis

The RCS analysis revealed a nonlinear association between LAP 
and the prevalence of osteoporosis (P-non-linear = 0.0025), presenting 
an L-shaped negative correlation (Figure 2). Through threshold effect 
analysis, we identified a turning point of LAP = 29 in the osteoporosis 
population. Segmental logistic regression analysis (Table 3) showed 
that when LAP <29, an increase in LAP was significantly associated 
with a reduced prevalence of osteoporosis (OR = 0.95, 95% 

CI = 0.93–0.97). However, when LAP >29, the effect of increasing LAP 
on osteoporosis prevalence gradually weakened (OR = 0.99, 95% 
CI = 0.99–1.00). These findings suggest a negative association with a 
saturation threshold between LAP and osteoporosis.

3.4 Subgroup analysis

We performed a subgroup analysis using Model 3 (Figure 3) in 
conjunction with stratification variables such age, gender, race, 
physical activity, smoking, diabetes, chronic kidney disease, and 

TABLE 1  (Continued)

Characteristic Overall Non-osteoporosis Osteoporosis p-value

Calcium [mean (SD)] (mmol/L) 2.35 (0.09) 2.35 (0.09) 2.34 (0.10) 0.122

Phosphorus [mean (SD)] (mmol/L) 1.17 (0.17) 1.17 (0.17) 1.21 (0.17) <0.001

WC [mean (SD)] (cm) 100.29 (13.80) 101.05 (13.58) 92.51 (13.70) <0.001

TG [mean (SD)] (mmol/L) 1.46 (1.10) 1.47 (1.14) 1.31 (0.66) 0.007

LAP [mean (SD)] 58.38 (52.46) 59.73 (53.80) 44.55 (32.93) <0.001

Mean (SD) for continuous variables, % for categorical variables.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CKD, chronic kidney disease; LAP, lipid accumulation product; PIR, poverty income ratio; SCR, 
serum creatinine; SUA, serum uric acid; TG, triglyceride; WC, waist circumference.

TABLE 2  The relationship between log LAP and osteoporosis.

Model 1
OR (95%CI) P-value

Model 2
OR (95%CI) P-value

Model 3
OR (95%CI) P-value

Osteoporosis log LAP 0.62 (0.52, 0.74) <0.001 0.57 (0.47, 0.70) <0.001 0.54 (0.44, 0.67) <0.001

Q1 [Reference] [Reference] [Reference]

Q2 0.68 (0.49, 0.94) 0.020 0.65 (0.46, 0.93) 0.018 0.65 (0.44, 0.94) 0.025

Q3 0.55 (0.37, 0.80) 0.002 0.46 (0.31, 0.69) <0.001 0.45 (0.28, 0.73) 0.002

Q4 0.41 (0.26, 0.64) <0.001 0.39 (0.25, 0.59) <0.001 0.33 (0.20, 0.55) <0.001

P for trend <0.001 <0.001 <0.001

CI, confidence interval; LAP, lipid accumulation product; OR, odds ratio; Q, quartiles.
Model 1: No covariates adjusted.
Model 2: Adjusted for age, sex, and race.
Model 3: Adjusted for age, sex, race, educational level, PIR, calcium, phosphorus, smoke, hypertension, CKD, diabetes, SCR, BUN, SUA, AST, ALT.

FIGURE 2

RCS analysis fitted the relationship between LAP and osteoporosis. 
Adjusted for age, sex, race, educational level, PIR, calcium, 
phosphorus, smoke, hypertension, CKD, diabetes, SCR, BUN, SUA, 
AST, ALT.
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TABLE 3  Analysis of the LAP saturation effect and osteoporosis.

LAP OR (95%CI) P-value

Osteoporosis Standard linear model 0.99 (0.98, 0.99) <0.001

LAP <29 0.95 (0.93, 0.97) <0.001

LAP >29 0.99 (0.99, 1.00) <0.001

Log-likelihood ratio test <0.001

LAP, lipid accumulation product; OR, odds ratio; CI, confidence interval.
Adjusted for age, sex, race, educational level, PIR, calcium, phosphorus, smoke, 
hypertension, CKD, diabetes, SCR, BUN, SUA, AST, ALT.

hypertension to look into any possible associations between Log LAP 
and osteoporosis. The findings demonstrated that there was a 
persistent negative correlation between the prevalence of osteoporosis 
and Log LAP. Additionally, the interaction tests did not yield 
statistically significant results, suggesting that Log LAP may operate 
as a stand-alone protective factor against osteoporosis.

3.5 Additivity analysis

To verify the robustness and consistency of our findings, 
we conducted additional analyses. Supplementary Table 2 shows that 

Log LAP is positively and consistently associated with BMD in 
different regions of the femur, indicating that Log LAP is a favorable 
factor for BMD. Supplementary Figures  1–4 illustrate the RCS 
analyses of LAP and BMD in different regions of the femur, 
demonstrating nonlinear relationships and threshold saturation 
effects, thus supporting the robustness and consistency of our 
study results.

4 Discussion

This study used data from the NHANES database to examine the 
relationship between the prevalence of osteoporosis and LAP. The 
findings demonstrated a strong inverse relationship between 
osteoporosis and LAP. An increase in LAP considerably decreased the 
incidence of osteoporosis in the lower range of LAP; however, this 
protective impact progressively diminished when LAP above a certain 
threshold. These findings suggest that moderate fat distribution may 
positively impact bone health by increasing mechanical loading on 
bones and promoting the secretion of bone-forming factors.

LAP is an indicator of fat accumulation that combines waist 
circumference and triglyceride levels, effectively reflecting an 
individual’s visceral fat level (26, 27). Compared to the traditional 
BMI, LAP has higher accuracy and sensitivity in assessing metabolic 

FIGURE 3

Subgroup analysis of the association between LAP and osteoporosis. Adjusted for age, sex, race, educational level, PIR, calcium, phosphorus, smoke, 
hypertension, CKD, diabetes, SCR, BUN, SUA, AST, ALT.
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health and cardiovascular disease risk (28, 29). In line with certain 
other research findings, we discovered a strong negative connection 
between LAP and osteoporosis in our study. Similarly, in a study of 
the Visceral Adiposity Index (VAI) in adults over 20 years of age, 
those with high VAI scores also had high total femur BMD, suggesting 
that those with higher levels of visceral adiposity had a lower risk of 
fracture (30). Another study suggests that moderate weight gain 
protects bone density by increasing the mechanical load on bone 
through adipose tissue and by promoting bone formation through 
the secretion of several hormones and cytokines (31). In addition, the 
accumulation of visceral fat may have a positive effect on bone health 
by promoting the secretion of hormones such as leptin, which 
inhibits osteoclast activity (32, 33).

On the other hand, excessive fat buildup may be detrimental to 
bone health (34). High fat impaired bone mass and some trabecular 
microstructures in older mice in an experimental study of older 
mice (35). In another mechanistic study, the obesity-related adipose 
tissue secretes hormones and inflammatory substances such TNF-α 
and interleukin-6 (IL-6), which can raise the risk of osteoporosis 
by accelerating bone resorption and preventing the production of 
new bone (36–38). Excess fat may lead to adverse effects such as 
chronic inflammation, oxidative stress, and insulin resistance, 
ultimately accelerating bone loss (39). Particularly at higher LAP 
levels, these negative effects might outweigh the positive ones, 
leading to an increased risk of osteoporosis. Therefore, the 
nonlinear relationship between LAP and osteoporosis observed in 
this study suggests that the protective effect of fat accumulation on 
bone health diminishes or even disappears when fat accumulation 
reaches a certain level.

We carried out several more studies to confirm the consistency 
and robustness of our findings. First, we used restricted cubic spline 
(RCS) analysis to look at the dose–response relationship between LAP 
and osteoporosis (40, 41). The results showed that the risk of 
osteoporosis was significantly reduced for each unit increase in LAP 
when LAP <29 (OR = 0.95, 95% CI = 0.93–0.97, p < 0.001); however, 
this protective effect gradually diminished when LAP >29. 
Additionally, we  conducted a subgroup analysis to explore the 
potential influence of variables such as age, sex, race, physical activity, 
smoking, diabetes, chronic kidney disease, and hypertension on the 
relationship between LAP and osteoporosis. The results indicated a 
consistent negative correlation between LAP and osteoporosis across 
different populations, suggesting that LAP may serve as an 
independent protective factor. This phenomenon may be attributed to 
the fact that LAP more directly reflects the metabolic status of 
visceral fat.

In assessing the connection between LAP and osteoporosis risk 
in adult Americans, this study identified LAP as a stand-alone 
protective factor against osteoporosis. The large sample size enhances 
the accuracy of our conclusions. Additionally, LAP outperforms 
traditional BMI in assessing individual fat distribution. Moreover, 
we adjusted for various confounding variables based on demographic 
characteristics and chronic diseases to minimize confounding bias, 
ensuring the broad applicability of the findings and enhancing both 
the internal and external validity of the study. In order to further 
understand the connection between LAP and osteoporosis in various 
groups, we lastly performed stratified subgroup analyses. These results 
highlight the necessity for more targeted osteoporosis preventive 
measures. There are many restrictions on this study. First of all, it is 
hard to establish a direct correlation between LAP and osteoporosis 

due to the cross-sectional nature of the study. Subsequent long-term 
investigations are required to confirm these results and investigate the 
possible utility of LAP in osteoporosis care and prevention. Secondly, 
this study used DXA to measure BMD and defined osteoporosis based 
on WHO criteria. Although DXA is considered the “gold standard” 
for osteoporosis diagnosis, it only assesses bone mineral density and 
does not evaluate bone quality or microarchitecture. Since fracture 
risk is also influenced by factors such as trabecular structure and 
cortical thickness, relying solely on BMD may underestimate the 
fracture risk in some patients. Due to the limitations of DXA, this 
study could not further explore the impact of LAP on bone 
microarchitecture. Future studies may integrate HR-pQCT or bone 
turnover markers to optimize osteoporosis risk assessment. Finally, as 
a novel body composition indicator, LAP requires further research to 
support its clinical application. This study found that LAP may be an 
independent protective factor against osteoporosis, as moderate fat 
distribution benefits bone health, while obesity may have adverse 
effects. LAP, being simple and practical, holds promise for 
osteoporosis prevention and early detection. Future studies should 
validate its applicability across different populations and its value in 
osteoporosis risk assessment.

5 Conclusion

According to this study, there is a substantial negative relationship 
between adult prevalence of osteoporosis in America and LAP. LAP is 
an easy-to-use and practical indication that may be very helpful in 
osteoporosis prevention and early detection.
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1,25-dihydroxyvitamin D3
improves non-alcoholic
steatohepatitis phenotype in a
diet-induced rat model
Mei Liu1†, Xiang-Zhun Song2†, Liu Yang3†, Yu-Hui Fang4,
Liu Lan5, Jing-Shu Cui5, Xiao-Chen Lu6, Hai-Yang Zhu1,
Lin-Hu Quan7* and Hong-Mei Han1*

1Department of Gastroenterology, Affiliated Hospital of Yanbian University, Yanji, Jilin, China,
2Department of Gastroenterology, Jilin Provincial People’s Hospital, Changchun, Jilin, China,
3Department of Gastroenterology and Hepatology, Characteristic Medical Center of the Chinese
People’s Armed Police Force, Tianjin Key Laboratory of Hepatopancreatic Fibrosis and Molecular
Diagnosis & Treatment, Tianjin, China, 4Department of Dermatology, Fuyang People’s Hospital of
Anhui Medical University, Fuyang, Anhui, China, 5Department of Pathology, Affiliated Hospital of
Yanbian University, Yanji, Jilin, China, 6Department of Gastroenterology, Jimo District People’s
Hospital, Qingdao, Shandong, China, 7Department of College of Pharmacy, Yanbian University, Yanji,
Jilin, China
We studied the potential protective effects of 1,25-dihydroxyvitamin D3 (1,25

VD3) supplementation on liver damage induced by a choline-deficient (CD) diet

in rats, where impaired liver function leads to decreased 25-hydroxyvitamin D3

levels, the precursor for the active 1,25 VD3. The CD diet reduced serum 25 VD3

levels and increased liver enzymes, indicative of liver damage. Conversely, 1,25

VD3 supplementation alleviated liver damage, reducing liver enzymes and

improving histopathological features characteristic of non-alcoholic

steatohepatitis (NASH). Oxidative stress and inflammation were mitigated by

1,25 VD3, as evidenced by decreased malondialdehyde and nuclear factor kappa

B (NF-kB) expression, and increased total antioxidant capacity (TAOC). 1,25 VD3

also enhanced fatty acid metabolism by increasing peroxisome proliferator-

activated receptor alpha (PPARa) and carnitine palmitoyltransferase-1 (CPT-1)

expression, promoting lipid transport and oxidation. Additionally, 1,25 VD3

supplementation modulated inflammation by increasing PPARg expression,

reducing NF-kB expression, and decreasing pro-inflammatory cytokines (TNF-

a, IL-1b). Anti-inflammatory cytokines (IL-10, IL-4) were increased, and

macrophage polarization was shifted towards an anti-inflammatory M2

phenotype. Moreover, 1,25 VD3 upregulated CYP2J3, a cytochrome P450

epoxygenase that converts arachidonic acid to anti-inflammatory

epoxyeicosatrienoic acids (EETs) and decreased soluble epoxide hydrolase

activity, likely contributing to increased EET levels. Correlation studies revealed

positive associations between 1,25 VD3 supplementation, CYP2J3 expression,

EETs, as well as negative correlations with NF-kB and TNF-a. PPARa expression
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positively correlated with TAOC and CPT-1, while PPARg expression negatively

correlated with inflammatory markers. These findings demonstrate the

therapeutic potential of 1,25 VD3 in alleviating NASH through regulation of

fatty acid metabolism, inflammation, and oxidative stress.
KEYWORDS

vitamin D3, non-alcoholic steatohepatitis, CYP450, inflammation, macrophage
Introduction

Non-alcoholic fatty liver disease (NAFLD), proposed to be

renamed metabolic (dysfunction)-associated fatty liver disease

(MAFLD) (1) is a common chronic liver condition marked by

excessive lipid accumulation in hepatocytes, independent of alcohol

consumption or other toxic factors (2). It encompasses a spectrum

of progressive stages, including simple non-alcoholic fatty liver,

non-alcoholic steatohepatitis (NASH), liver cirrhosis, and

hepatocellular carcinoma, highlighting its clinical significance and

potential for progression to hepatocarcinogenesis. The pathogenesis

of NASH is marked by hepatic lipid peroxidation and inflammation

(3–5). Recently, active vitamin D3 (1,25-dihydroxyvitamin D3,

(1,25 VD3) has emerged as a potential therapeutic agent,

exhibiting antioxidant and anti-inflammatory properties. Notably,

studies have shown that NASH patients have lower serum 1,25 VD3

levels compared to healthy controls (6, 7). Moreover, 1,25 VD3

supplementation has been found to improve insulin resistance and

liver enzyme levels in NASH patients (6–10). Animal models have

replicated NASH-like liver histopathology using a choline-deficient,

amino acid-defined (CDAA) diet (11). Our previous research

demonstrated that 1,25 VD3 improves lipid peroxidation and

inflammation in NASH-induced rats in a dose-dependent manner

(12). However, the specificity and mechanisms underlying this

effect remain unclear, warranting further investigation. Recent

research has highlighted the significance of the cytochrome P450

(CYP450) pathway in arachidonic acid (AA) metabolism in the

development of non-alcoholic steatohepatitis (NASH) (13).

Specifically, studies have identified substantial changes in CYP450

metabolites and AA metabolism in patients with NASH (14) and in

animal models with NASH induced by high-fat diets (15, 16). The

CYP450 pathway produces epoxide eicosatrienoic acids (EETs) as

primary metabolites, comprising 5,6-EET, 8,9-EET, 11,12-EET, and

14,15-EET (17). Notably, EETs have been extensively shown to

possess anti-lipid peroxidation and anti-inflammatory properties

across various diseases (18–20). However, the beneficial effects of

EETs are compromised upon hydrolysis by soluble epoxide

hydrolase (sEH), converting them to dihydroxy eicosatrienoic

acids (DHETs) (21). Interestingly, while EETs exhibit anti-

inflammatory activities, the role of DHETs remains controversial.

The anti-inflammatory and antioxidant effects of EETs in the

liver are primarily mediated through the peroxisome proliferator-
02106
activated receptor-alpha (PPARa) and nuclear factor-kappaB (NF-

kB) pathways. As potent activators of PPARa (22), EETs regulate

lipid homeostasis and mitigate lipid peroxidation in the liver (23–25).

Studies employing mouse models of NAFLD induced by high-fat

diets (HFD) have demonstrated the therapeutic potential of EETs.

For instance, administering 14,15-EET to CYP450 2J2 (CYP2J2)-

overexpressing mice reduced NF-kB expression, lipid peroxidation,

and inflammation in the liver. In vitro experiments using palmitic

acid-treated HepG2 cells further revealed that 14,15-EET inhibited

the NF-kB/JNK signaling pathway, decreased malondialdehyde

(MDA) levels, and enhanced antioxidant enzyme activities,

including superoxide dismutase, catalase, and glutathione

peroxidase (26). Consistent with these findings, other studies have

shown that elevated EET levels alleviate liver inflammation in mice

with NASH induced by HFD and methionine-choline-deficient

(MCD) diets. Specifically, EETs suppressed the NF-kB pathway,

leading to reduced liver inflammation (14, 15, 27). These studies

collectively highlight the protective role of EETs in liver disease. To

further explore the mechanisms underlying 1,25 VD3’s therapeutic

effects, we established a rat model of NASH using a choline-deficient,

amino acid-defined (CDAA) diet and supplemented 1,25 VD3. We

measured metabolic proteins, metabolites, and key enzymes of the

liver CYP450 pathway to investigate whether 1,25 VD3 improves

lipid peroxidation and inflammation through the CYP450 pathway.
Materials and methods

Materials

Standard chow diet (choline-sufficient, amino acid-defined, Cat

# TP 1R810) and CDAA diet (Cat # TP 1R800) were procured from

Trophic Animal Feed High-Tech Company, China. 1,25 VD3 from

Sigma-Aldrich (CAS # 128723-16-0), BCA protein quantitation kit

(Boster Bio, Cat # AR0146), RIPA lysis buffer (Boster Bio, Cat #

0105), protease inhibitor cocktails (Boster, Bio Cat # AR1182),

phosphatase inhibitor (Boster Bio, Cat # AR1183), color pre-dyed

protein marker (Boster Bio, Cat # AR1113), Western-specific

primary and secondary antibody diluent (Boster Bio, Cat #

AR1017), wash buffer TBS-T (Boster Bio, Cat # AR0195-10), ECL

chemiluminiscent reagent (Boster Bio, Cat # AR1196), BSA TBS

buffer system blocking solution (Boster Bio, Cat # AR0189), NF-kB
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antibody (Boster Bio, Cat # A01228-1), b-actin antibody (Boster

Bio, Cat # M01263), HRP-conjugated goat anti-rabbit IgG (Boster

Bio, Cat # BA1054), CD163 antibody (Boster Bio, Cat # A00812-2),

CD11c antibody (Boster Bio, Cat # A00357-3), CD68 antibody

(Boster Bio, Cat # BA3638), fluorescent (DyLight 488) labelled goat

anti-rabbit IgG (Boster Bio, Cat # BA1127), fluorescent (DyLight

594) labelled goat anti-rabbit IgG (Boster Bio, Cat # BA1142), rat

TNF-a ELISA kit (Jiangsu Enzyme Immunoassay Co., Ltd., Cat #

MM-0180R1), rat IL-1b ELISA kit (Boster Bio, Cat # EK0393), rat

IL-4 ELISA kit (Jiangsu Enzyme Immunoassay Co., Ltd, Cat # MM-

0191R1), rat IL-10 ELISA kit (Boster Bio, Cat # EK0418), 25 VD3

assay kit (Roche Diagnostics, Cat # 07028148190), TAOC assay kit

(Nanjing Jiancheng, Cat # A015-3-1), MDA assay kit (Nanjing

Jiancheng, Cat # A003-1-2), and free fatty acid kit (Kunchuang

Biotechnology, Xian, China, Cat # SK125-2).
Animal study design and
experimental procedures

The experimental procedures for this study complied with the

ethical standards of the China Experimental Animal Management

Association and were approved by the Ethics Committee of

Yanbian University (approval number YD202309110024). Based

on our previous research (12), we conducted a 12-week study using

6-week-old, specific-pathogen-free-grade Wistar rats purchased

from Changchun Yisi Animal Co., Ltd.

Following an adaptation period, the rats were divided into four

groups: 1. Control Group (CG): fed a normal rat chow diet; 2.
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Control plus 1,25 VD3 supplement Group (CVDG): fed a normal

rat chow diet with 1,25 VD3 injection; 3. Choline-deficient Group

(CDG): fed a CD diet that was amino acid sufficient; and 4. Choline-

deficient plus 1,25 VD3 supplement Group (CDVDG): fed a CDAA

diet with 1,25 VD3 injection. (Figure 1 presents the schematic

diagram of the experimental design). We administered 5mg 1,25

VD3/kg body weight via intraperitoneal injection twice a week (12).

To prepare the 1,25 VD3 solution, 1mg 1,25 VD3 powder

(Sigma Reagent Company) was dissolved in 20mL anhydrous

ethanol and diluted in 0.9% sodium chloride to make a 5mg/mL

solution. This solution was stored in a dark environment at 4°C and

prepared every 2 weeks. Rats in the CDG received an equivalent

volume of anhydrous ethanol in 0.9% sodium chloride (1mL/kg

body weight) intraperitoneally. After 12 weeks of treatments, the

rats were fasted for 2 h and euthanized by cervical dislocation. Body

weight was measured, and blood was collected from the abdominal

aorta. Serum was separated by centrifugation at 4°C (3000 rpm).

The liver was removed, and its wet mass was recorded. A portion of

the right lobe was fixed with 4% formaldehyde for histological

analysis, while the remaining tissue was homogenized for

further analysis.
Liver enzymes and blood lipids

Serum aspartate transaminase (AST) and alanine transaminase

(ALT) activities were measured using a cobas c702 automatic

biochemical analyzer (Roche Diagnostics GmbH). Serum

triglyceride (TG), total cholesterol (TC), high-density lipoprotein-
FIGURE 1

A schematic diagram representing study design.
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cholesterol (HDL-C), and low-density lipoprotein-cholesterol

(LDL-C) levels were determined using kits from Nanjing

J i ancheng B io eng in e e r i ng In s t i t u t e , f o l l ow ing th e

manufacturer’s instructions.
Histopathological evaluation

Liver tissue from the right lobe was fixed with 4% formaldehyde,

embedded in paraffin, and stained with haematoxylin and eosin

(H&E). Steatosis, activity, and fibrosis (SAF) were scored by two

pathologists blinded to the study design. Five visual fields from each

section were magnified 200 times and averaged for statistical

analysis. The SAF score was based on NASH Clinical Research

Network criteria (22, 23) for grading steatosis and activity (Table 1).

In this unweighted scoring system (28), the activity score is the sum

of the lobular inflammation and hepatocellular ballooning scores,

ranging from 0 to 5. A higher score indicates greater disease activity.

A SAF score ≥3 was diagnosed as NASH.
Serum 25 VD3 measurement

Serum 25 VD3 levels were determined using the Roche

electrochemiluminescence method on a Cobas 8000 automatic

biochemical immunity analyzer (Roche Diagnostics GmbH).
Frontiers in Endocrinology 04108
Oxidation status

Liver lipid peroxidation was evaluated by measuring

malondialdehyde (MDA) levels using a thiobarbituric acid kit,

while total antioxidant capacity (TAOC) was assessed via the

ferric reducing antioxidant power (FRAP) method, both

performed according to the manufacturer’s instructions (Nanjing

Jiancheng Bioengineering Institute).
Detection of PPARa and CPT-1 by qPCR

PPARa regulates lipid homeostasis and liver lipid peroxidation

(26, 27, 29). PPARa stimulates liver expression of carnitine

palmitoyltransferase-1 (CPT-1), initiating mitochondrial fatty acid

transport for b-oxidation (30). To investigate the expression of

PPARa and CPT-1, we measured their mRNA levels in liver tissue

using qPCR. Total RNA (20mg) was extracted from liver tissue using

Trizol solution (Invitrogen). Reverse transcription was performed

using RevertAid Reverse Transcriptase (Thermo Scientific).

Quantitative PCR amplification was then carried out. qPCR data

were processed using the DDCT method. Primer sequences are

listed in Table 2.
Inflammation and macrophage polarization
analysis in liver tissue

To investigate inflammation and macrophage polarization, we

measured: 1. NF-kB levels in liver tissue using Western blotting; 2.

M1 (CD68+CD11c+) and M2 (CD68+CD163+) macrophage

populations using double immunofluorescence labelling; 3. Pro-

inflammatory (TNF-a and IL-1b) and anti-inflammatory (IL-10

and IL-4) factor levels using enzyme-linked immunosorbent assay

(ELISA); and 4. PPARg mRNA expression in liver tissue

using qPCR.

For macrophage polarization study, we used the double

immunofluorescence method. Liver tissue sections were dewaxed,

rehydrated, and incubated with primary antibodies (anti-CD68,
TABLE 1 NASH scoring.

Steatosis

Grade Steatosis percentage (hepatocytes
with fat droplets)

Description

0 <5%
No

significant
steatosis

1 5–33% Mild steatosis

2 34–66%
Moderate
steatosis

3 >66% Severe steatosis

Lobular inflammation

Score Description

0 No inflammatory foci

1 <2 inflammatory foci per 200x field

2 2–4 inflammatory foci per 200x field

3 >4 inflammatory foci per 200x field

Ballooning

0 None

1 Few ballooned cells

2 Many ballooned cells or prominent ballooning
TABLE 2 qPCR primers’ sequence.

Gene Sequence Seq/RefSeq

PPARa(155bp)
F:CGGGTCATACTCGCAGGAAAG
R:TGGCAGCAGTGGAAGAATCG

NM_013196.2

CTP-1(141bp)
F:CTGACGCCCGAGTTCCTG
R:GCCTTCTGTCCTCTGTGTGG

NM_078622

PPARg(141bp)
F:CCTTTACCACGGTTGATTTCTC
R:CAGGCTCTACTTTGATCGCACT

NM_013124.3

CYP2J3(75bp)
F:TTCAGAATGTCCGTCACCAT
R:TTCCTCTTCGACATCACAGC

NM_175766

GAPDH(114bp)
F:TTCAACGGCACAGTCAAGG
R:CTCAGCACCAGCATCACC

NM_017008.4
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1:100; anti-CD11c, 1:100; or anti-CD163, 1:200) followed by

secondary antibodies labeled with fluorescein. DAPI staining and

fluorescence microscopy were used to visualize and count

macrophages. M1 macrophages were identified as CD68+CD11c+

cells, while M2 macrophages were identified as CD68+CD163+

cells. Nuclei were counterstained with DAPI (blue) for cell

identification. The M1/M2 ratio was determined by counting

CD68+CD11c+ (M1) cells and dividing it by the number of

CD68+CD163+ (M2) cells in the same fields. Two pathologists

randomly selected six regions with high positive staining rates from

each group of double-stained liver tissue sections. The cell counts

were averaged for each animal before calculating group means and

conducting statistical analysis.
Western blotting

Liver tissue samples (100mg) were homogenized in RIPA buffer

supplemented with protease and phosphatase inhibitors. The lysates

were centrifuged at 14,000 × g for 15 minutes at 4°C to remove

debris, and the supernatant was collected for protein quantification

using the BCA assay. Equal amounts of protein (30 µg per lane)

were loaded onto a 10% SDS-PAGE gel and electrophoresed at 100

V. Proteins were then transferred to a PVDF membrane at 300 mA

for 1.5 hours in transfer buffer. The membrane was blocked in 5%

non-fat milk in TBST for 1 hour at room temperature and then

incubated overnight at 4°C with an antibody against NF-kB (1:1000

dilution). After washing, the membrane was incubated with an

HRP-conjugated secondary antibody (1:2000 dilution) for 1 hour at

room temperature. Signal detection was performed using ECL

reagents (Boster Bio-Engineering Limited Company). Bands were

visualized using a chemiluminescent imaging system. The

membranes were stripped and reprobed with an antibody against

b-actin (1:1000 dilution) as a loading control, followed by

incubation with an HRP-conjugated secondary antibody (1:2000

dilution). Densitometry was performed using ImageJ software, and

NF-kB expression was normalized to b-actin.
Analysis of CYP450 pathway

CYP2J3 expression was assessed for expression by qPCR

following the protocol described above. To quantify the metabolites

of the liver CYP450 pathway, specifically (EETs) and DHETs, we

employed targeted liquid chromatography-tandem mass

spectrometry (LC-MS/MS). Sample preparation was performed by

adding PBS containing 0.1% butylated hydroxytoluene and an

isotope internal standard to the sample. The mixture was then

ground, incubated at 4°C for 1 hour, and centrifuged. The resulting

supernatant was extracted and subsequently enriched with AA using

an Oasis MAX SPE column (Waters, USA). Quantitative analysis of

eicosanoids was performed after solid-phase extraction-enrichment

in electrospray ionization mode using an Exion UPLC-QTRAP 6500

PLUS system (Sciex) (19, 20).
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Statistical analysis

All experiments were repeated three times, with the average

result taken for analysis. All data were analyzed by IBM SPSS

Statistics 25.0 statistical software, and a two-way analysis of

variance was used to explore the effects of 1,25 VD3 and NASH

status. If statistical differences were detected, between-group

comparisons were carried out using the Fisher’s Least Significant

Difference test. Pearson’s correlation coefficient was used to analyze

the correlation between parameters. Data are expressed as means

and standard error of the mean (SEM); results were considered

statistically significant when p< 0.05.
Results

1,25 VD3 improves liver function and
alleviates histopathological features of
CDAA-induced NASH

To investigate the impact of 1,25 VD3 supplementation on liver

function in the CDAA-induced NASH model, we assessed key liver

function markers by measuring serum ALT (Figure 2A) and AST

(Figure 2B) activities. Compared to the CG, the CDG showed

elevated serum AST (p < 0.001) and ALT (p < 0.001) levels,

indicating impaired liver function. Conversely, CDVDG

demonstrated reduced AST and ALT levels compared to CDG (p

< 0.001), suggesting improved liver health. Notably, CDVDG and

CGVDG groups exhibited similar AST and ALT levels. Increased 25

VD3 levels in CDVDG versus CDG indicate enhanced liver

function, as the liver produces this precursor to active 1,25 VD3

(Figure 2C). These findings imply that 1,25 VD3 supplementation

protects against CDAA-induced impairment in liver function.

The hallmark histopathological features of NASH, including

steatosis, inflammation, and hepatocyte injury, were assessed using

H&E staining (Figure 2D). Analyses of histopathological changes

(Figure 2E) revealed that the CDG group had significantly increased

steatosis, lobular inflammation, ballooning degeneration, activity

score, and SAF score compared to the CG (all p < 0.001). The

CDVDG demonstrated significantly reduced steatosis, lobular

inflammation, ballooning degeneration, activity score, and SAF

score compared to the CDG (all p < 0.001). These results suggest

that 1,25 VD3 supplementation alleviates liver damage in CDAA

diet-induced NASH rats, improving steatosis, inflammation, and

histopathological scores.
1,25 VD3 attenuates oxidative stress and
enhances fatty acid metabolism in CDAA-
induced NASH

Liver MDA and TAOC levels were evaluated to investigate

oxidative stress in NASH.While MDA levels remained higher in the

CDVDG than in the CGVDG (p < 0.001), 1,25 VD3
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supplementation reduced MDA levels in the CDVDG compared to

the CDG (p < 0.001) (Figure 3A). CGVDG showed a modest yet

significant increase in MDA levels compared to the CG. TAOC

levels were significantly higher in the CDG and CDVDG compared

to their respective controls (CG and CGVDG, p < 0.001). Notably,

TAOC levels in the CDVDG surpassed those in the CDG (p <

0.001), while no difference was observed between the CGVDG and

CG (Figure 3B).

Given that oxidative stress and inflammation are closely linked,

we examined NF-kB expression, a key regulator of inflammatory

pathways. The CDAA diet significantly increased NF-kB expression

in the CDG compared to the CG rats (p < 0.001). The upregulation

was observed as an increased intensity of the 65 kDa NF-kB band.

Supplementation with 1,25 VD3 significantly mitigated the CDAA

diet-induced increase in NF-kB expression observed in CDG rats (p

< 0.001). In the CDVDG, NF-kB levels were restored to values

comparable to the CG (p < 0.001) (Figure 3C).

NF-kB-driven inflammation in NASH can impact fatty acid

metabolism, critically modulated by PPARa and CPT-1. PPARa
regulates lipid homeostasis and liver lipid peroxidation (26, 27, 29),

and also stimulates liver expression of CPT-1, initiating

mitochondrial fatty acid transport for b-oxidation (30). PPARa
and CTP-1 expression were significantly higher in the CDVDG

compared to the CDG (p < 0.001 and p < 0.01, respectively). No

significant changes in PPARa and CTP-1 expression were observed

between the CGVDG and CG (Figures 3D, E).
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These results demonstrate that the CDAA diet increases liver

MDA and TAOC levels, while 1,25 VD3 supplementation enhances

PPARa and CTP-1 expression, reduces MDA, and increases

TAOC, indicating potential anti-lipid peroxidation and

antioxidation activity.
1,25 VD3 favorably modulates KC
polarization and upregulates PPARg
in NASH

KCs, including M1 and M2 macrophages, contribute to liver

inflammation in NASH. An imbalance between pro-inflammatory

M1 and anti- inflammatory M2 macrophages worsens

inflammation. NF-kB upregulation favors M1 macrophage

differentiation over M2, amplifying inflammatory responses in

KCs. CD11c-positive, CD68-positive cells (yellow or orange in

merged images) indicate a pro-inflammatory M1 phenotype

(Figure 4A). CD68-positive, CD163-positive cells indicate an anti-

inflammatory M2 phenotype (Figure 4B). The M1 (pro-

inflammatory)/M2 (anti-inflammatory) ratio in the CDG was

significantly higher than in the CG (p< 0.001), but the M1/M2

ratio in CDVDG was not significantly different from the CGVDG

(p> 0.05). Compared with the CG, the M1/M2 ratio in the CGVDG

was not significantly different, but was significantly lower in the

CDG (p< 0.001) (Figure 4C).
FIGURE 2

Effects of 1,25 VD3 supplementation on serum biomarkers and liver histopathology in a rat model of NASH. (A) Serum ALT and (B) AST activities were
measured using Automatic Biochemical Analyzer. (C) 25VD3 levels were measured using Roche Electrochemiluminescence method in the indicated
groups. (D) Representative H&E-stained liver sections (5 mM) from the indicated groups. (E) Histopathological scores for steatosis, lobular
inflammation, ballooning degeneration, activity, and SAF scores were determined following the protocol as described in Table 1. Data are presented
as mean ± SEM, n=6. Statistical significance: A-C - ***p < 0.001 vs. CG; ##p < 0.01, ###p < 0.001 vs. CDG; +++p < 0.001 vs. CDVDG. D-E - ***p
<0.001 vs. CG; ###p < 0.001 vs. CDG; ++p < 0.01, +++p < 0.001 vs. CDG. CG: Normal rat chow diet; CVDG: Normal diet + 1,25 VD3; CDG:
Choline-deficient diet; CDVDG: Choline-deficient diet + 1,25 VD3.
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FIGURE 3

Effects of 1,25 VD3 supplementation on hepatic lipid peroxidation, inflammation and fatty acid metabolizing genes in NASH rats. To assess oxidative
stress, hepatic (A) MDA was measured using a thiobarbituric acid kit and (B) TAOC levels measured using the FRAP method. (C) NF-kB expression in
liver tissue, analyzed by Western blotting and normalized to b-actin (left panel showing representative blot and right panel showing quantification by
densitometry of 65 kDa band). Antibodies used and their dilutions: primary antibodies against NF-kB (anti-rabbit, 1:1000) and b-actin (anti-rabbit,
1:1000), followed by HRP-conjugated secondary antibody (1:2000). (D) PPARa and (E) CPT-1 mRNA levels were quantified by qPCR in liver tissues of
indicated groups, and expressed as relative mRNA levels following normalization to GAPDH mRNA levels. Data are presented as mean ± SEM, n=6.
*p < 0.05, **p<0.01 and ***p < 0.001 vs CG; ##p < 0.01 and ###p < 0.001 vs CDG.
FIGURE 4

Effects of 1,25 VD3 supplementation on macrophage polarization and PPARg expression in NASH rats. (A) M1-type KCs identified by double
immunofluorescence staining; green arrows indicate CD68-positive cells, red arrows indicate CD11c-positive cells, and yellow arrows indicate
CD11c/CD68 double-positive cells (M1KCs). (B) M2-type KCs identified by double immunofluorescence staining; green arrows indicate CD68-
positive cells, red arrows indicate CD163-positive cells, and yellow arrows indicate CD163/CD68 double-positive cells (M2KCs). Antibodies were
diluted as follows: anti-CD68 (1:100), anti-CD11c (1:100), and anti-CD163 (1:200). (C) The M1/M2 macrophage ratio was determined by quantifying
the proportion of M1 and M2 KCs in liver tissue, as identified through double immunofluorescence staining. (D) PPARg levels in liver tissue of the
indicated groups were determined by qPCR and expressed as relative mRNA levels following normalization to GAPDH mRNA levels. Data are
presented as mean ± SEM, n=6. *p < 0.05 and ***p < 0.001 vs CG; ##p < 0.01 and ###p < 0.001 vs CDG.
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Since PPARg activity negatively regulates M1/M2 ratio and liver

inflammation (31), we evaluated its gene expression in liver. PPAR-

g expression was significantly downregulated in CDG (p < 0.01) but

markedly upregulated in CDVDG, exceeding CG levels (p <

0.01) (Figure 4D).
1,25 VD3 restores cytokine balance by
reducing pro-inflammatory and enhancing
anti-inflammatory mediators in NASH

Given cytokine imbalance’s role in NASH, we measured the levels

of liver TNF-a, IL-1b, IL-4, and IL-10 to elucidate pro-inflammatory

and anti-inflammatory mechanisms. Pro-inflammatory cytokines

TNF-a (Figure 5A) and IL-1b (Figure 5B) were elevated in the CDG

(p < 0.001), but 1,25 VD3 supplementation significantly decreased

TNF-a in the CDVDG (p < 0.05) and IL-1b in both CDVDG and

CGVDG (p < 0.001). Conversely, anti-inflammatory cytokines IL-10

(Figure 5C) and IL-4 (Figure 5D) were increased in the CDVDG

compared to the CGVDG (p < 0.001) and CDG (p < 0.001). Notably,

IL-4 was elevated in the CGVDG compared to the CG (p < 0.001), but

reduced in the CDG (p < 0.001). These findings suggest that 1,25 VD3

supplementation exerts anti-inflammatory effects in liver tissue,

mitigating the pro-inflammatory consequences of the CDAA diet.
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1,25 VD3 enhances anti-inflammatory
CYP2J3/EET pathway and reduces pro-
inflammatory sEH/DHET activity in NASH

Liver-expressed CYP2J3, a key epoxygenase, and the CYP450

enzyme modulates inflammation by converting AA into anti-

inflammatory EETs and pro-inflammatory HETEs (8, 17).

CYP2J3 levels were significantly higher in the CDVDG compared

to the CDG (p < 0.01) (Figure 6A). CYP2J3 converts AA to anti-

inflammatory EETs, particularly 5,6-EET, which was detected in

liver tissue. Interestingly, EET levels were elevated in the CDG

compared to the CG (p < 0.05), and remarkably enhanced in the

CDVDG compared to both CG and CDG groups (all p <

0.001) (Figure 6B).

However, sEH, a key enzyme in the CYP 450 pathway,

metabolizes EETs to pro-inflammatory DHETs. Our results

showed that sEH activity was significantly lower in the CDVDG

compared to the CGVDG (p < 0.01), suggesting reduced EET

metabolism (Figure 6C). Conversely, DHETs (5,6-DHET, 8,9-

DHET, 11,12-DHET, and 14,15-DHET) were detected, with

significantly higher levels in the CDVDG compared to both

CGVDG and CDG (both p < 0.001). Additionally, DHET levels

were higher in the CGVDG compared to the CG (p <

0.05) (Figure 6D).
FIGURE 5

Effects of 1,25 VD3 supplementation on hepatic cytokine production in NASH rats. The proinflammatory, (A) TNF-a and (B) IL-1b levels, and the anti-
inflammatory (C) IL-10 and (D) IL-4 levels in liver tissue lysates of indicated groups were measured using specific ELISA kits. Data are presented as
mean ± SEM, n=6. *p,0.05 and ***p < 0.001 vs CG; #p < 0.05 and ###p < 0.001 vs CDG; +++p < 0.001 vs CG.
frontiersin.org

https://doi.org/10.3389/fendo.2025.1528768
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Liu et al. 10.3389/fendo.2025.1528768
Interactive effects of choline deficiency
and 1,25 VD3 supplementation on liver
function, oxidative stress, and
inflammatory pathways in NASH

To explore the mechanisms behind NASH progression and the

effects of 1,25 VD3 supplementation, we examined the interactive

effects of the choline-deficient diet and 1,25 VD3 on liver and

metabolic parameters (Table 3). A significant interaction indicates

that the combined effects of the CDAA diet and 1,25 VD3

supplementation on liver and metabolic parameters were not simply

the sum of their individual effects. Instead, the presence of one factor

modified the influence of the other on the measured outcomes.

The interaction between the CDAA diet and 1,25 VD3

supplementation significantly affected various liver and metabolic

parameters. 1,25 VD3 alone (CGVDG) did not affect liver enzyme

levels, but its combination with the CDAA diet significantly altered

both AST and ALT levels. Histopathological features such as

steatosis, lobular inflammation, ballooning degeneration, activity

score, and the SAF score were strongly influenced by both the

CDAA diet and 1,25 VD3 supplementation, demonstrating a

significant interaction between the two factors. The interaction

between the CDAA diet and 1,25 VD3 supplementation

significantly affected various liver and metabolic parameters. 1,25

VD3 alone (CGVDG) did not affect liver enzyme levels, but its

combination with the CDAA diet significantly altered both AST

and ALT levels. Histopathological features such as steatosis, lobular
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inflammation, ballooning degeneration, activity score, and the SAF

score were strongly influenced by both the CDAA diet and 1,25

VD3 supplementation, demonstrating a significant interaction

between the two factors.

Furthermore, markers of oxidative stress and antioxidant

capacity, specifically MDA and TAOC, were significantly altered

by the combined effects of both treatments. In terms of

inflammatory markers, the interaction between the CDAA diet

and 1,25 VD3 led to significant changes in NF-kB and TNF-a
levels. Additionally, anti-inflammatory cytokines IL-4 and IL-10

were significantly influenced by this interaction, demonstrating

significant enhancement in CDVDG group compared with CG.

The M1/M2 macrophage ratio was significantly affected by both the

CDAA diet and 1,25 VD3 supplementation, with the CDAA diet

increasing the ratio (shifting toward M1) and 1,25 VD3

supplementation in the presence of the CDAA diet decreasing it

(shifting toward M2), while 1,25 VD3 alone (CGVDG) had no

effect, demonstrating a significant interaction between the CDAA

diet and 1,25 VD3. Although the CDAA diet did not alter PPARg
expression, supplementation with 1,25 VD3 did, and the interaction

between the two factors further influenced its expression. Moreover,

both treatments affected the levels of EETs and DHETs, though no

interaction was noted for sEH activity.

These findings underscore the complex interplay between

choline deficiency and 1,25 VD3 supplementation, highlighting

their combined effects on various liver functions, oxidative stress,

inflammatory responses, and metabolic parameters.
FIGURE 6

Effects of 1,25 VD3 supplementation on CYP450 and COX-2 pathways in liver of NASH rats. (A) CYP2J3 mRNA level was quantified by qPCR and
expressed as relative mRNA levels following normalization to GAPDH mRNA levels. LC-MS/MS was used to measure (B) EETs, (C) sEH, and (D)
DHETs levelss in livers of indicated groups. Data are presented as mean ± SEM, n=6. *p < 0.05 and **p < 0.01 vs CG; ###p < 0.001 vs CDG;
++p < 0.01.
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Correlation analysis of liver markers and
metabolic parameters in response to 1,25
VD3 supplementation and the CDAA diet
in NASH

Correlation analysis revealed significant associations between

liver tissue variables and their correlated markers in response to

1,25 VD3 supplementation and the CDAA diet (Table 4). 1,25 VD3

supplementation mitigated the CDAA diet’s negative effects on

liver, enhancing CYP2J3 expression and promoting positive

correlations with EETs and DHETs. This supplementation also

increased PPARg expression, linked to anti-inflammatory effects,

and reduced pro-inflammatory cytokines TNF-a and IL-1b.
Elevated CYP2J3 levels correlated with lower EETs and MDA,

suggesting potential benefits against oxidative stress. Conversely,

PPARa expression positively correlated with TAOC and CTP-1,

indicating enhanced antioxidant capacity and lipid transport. Both

EETs and DHETs demonstrated positive correlations with IL-10,
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supporting their anti-inflammatory roles. In contrast, the CDAA

diet elevated NF-kB and TNF-a levels, triggering in inflammatory

responses. Importantly, DHETs’ positive correlation with PPARa,
combined with 1,25 VD3’s benefits, underscores their critical role in

counteracting the negative impacts of CDAA diet and regulating

liver function and metabolic processes in NASH progression.
Discussion

In this study, we used a rat model of NASH induced by a CD

diet to investigate the impact of 1,25 VD3. This active hormone

improved liver function, enabling the liver to synthesize more 25

VD3, the precursor for 1,25 VD3. This suggests that alleviating liver

dysfunction associated with the choline-deficient diet restores the

liver’s capacity to produce 25 VD3. 1,25 VD3 supplementation also

significantly modulated CYP450 metabolism, increasing CYP2J3

expression and EETs production. Additionally, 1,25 VD3 enhanced
TABLE 3 Two-way ANOVA showing individual effects of the CD diet and 1,25 VD3 supplementation, as well as their interactions, across various
biochemical and histopathological parameters.

Parameter CD Diet Effect
1,25 VD3 Supplementation

Effect
Interaction Effect (CD x 1,25 VD3)

Serum AST Significant (p < 0.001) Not significant (p > 0.05) Significant (p < 0.001)

Serum ALT Significant (p < 0.001) Significant (p < 0.001) Significant (p < 0.001)

Steatosis Significant (p < 0.001) Significant (p < 0.001) Significant (p < 0.001)

Lobular inflammation Significant (p < 0.001) Significant (p < 0.001) Significant (p < 0.001)

Ballooning degeneration Significant (p < 0.001) Significant (p < 0.001) Significant (p < 0.001)

Activity Score (Histopathology) Significant (p < 0.001) Significant (p < 0.001) Significant (p < 0.001)

SAF Score Significant (p < 0.001) Significant (p < 0.001) Significant (p < 0.001)

MDA (Malondialdehyde) Significant (p < 0.001) Significant (p < 0.001) Significant (p < 0.05)

TAOC (Total
Antioxidant Capacity)

Significant (p < 0.001) Significant (p < 0.001) Significant (p < 0.001)

PPARa expression Not significant Not significant No significant interaction

CTP-1 expression Not significant Not significant No significant interaction

NF-kB levels Not reported Not reported Significant (p < 0.05)

TNF-a levels Significant (p < 0.001) Not significant Significant (p < 0.05)

IL-1b levels Not significant Significant (p < 0.001) Not significant

IL-4 levels Significant (p < 0.001) Significant (p < 0.001) Significant (p < 0.001)

IL-10 levels Significant (p < 0.001) Significant (p < 0.001) Significant (p < 0.001)

M1/M2 Ratio Significant (p < 0.001) Significant (p < 0.001) Significant (p < 0.001)

PPARg expression Not significant Significant (p < 0.05) Significant (p < 0.05)

CYP2J3 levels Not significant Tends to increase (p = 0.052) No significant interaction

EETs levels Significant (p < 0.01) Significant (p < 0.01) Significant (p < 0.01)

DHETs levels Significant (p < 0.01) Significant (p < 0.01) Significant (p < 0.01)

sEH activity Not significant Not significant Not significant
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PPARa and CTP-1 expression, reduced MDA levels, and increased

TAOC, thereby improving lipid peroxidation and antioxidant

defenses in NASH rat livers. Furthermore, 1,25 VD3

supplementation exhibited potent anti-inflammatory effects by

downregulating NF-kB and upregulating PPARg. This led to a

phenotypic shift in macrophages from pro-inflammatory M1 to

anti-inflammatory M2, increasing IL-4 and IL-10 secretion while

decreasing TNF-a production.

Expanding on the modulation of liver function and metabolic

pathways by 1,25 VD3 (13), we further investigated its effects on AA

metabolism, which has an important role in liver lipid peroxidation

and inflammation in NASH. We investigated AA metabolism in

NASH, given its established link to liver lipid peroxidation and

inflammation. Previous studies have shown altered AA metabolites
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in NASH patients, reduced CYP2J2 expression in high-fat diet

(HFD)-induced NASH mice (26), decreased EETs (15), and

increased sEH (32) in NASH mice. Additionally, EETs and

DHETs are elevated in NAFLD patients and MCD diet-induced

NAFLD animal models (14, 27). In our study, we found increased

EETs and DHETs, decreased sEH activity, and unchanged CYP2J3

expression in CD diet-induced NASH rats. These findings suggest

that 1,25 VD3 supplementation modulates AA metabolism in

NASH, favoring anti-inflammatory pathways through increased

EETs and decreased sEH activity, which may contribute to its

protective effects against liver damage and inflammation in NASH.

The mechanisms by which 1,25 VD3 improves lipid metabolism

and mitigates inflammation are through PPARa and PPARg
signaling (3–5, 33–38). We observed that 1,25 VD3 upregulated
TABLE 4 Correlations between measured liver and metabolic variables and the effects of 1,25 VD3 and CDAA diet.

Measured
Variable

Correlated
Variable

Direction
of Correlation

Effect of
1,25 VD3

Effect of
CD Diet

r, p values

CYP2J3 expression EETs Negative Increased No effect r=-0.790, p<0.01

CYP2J3 expression MDA Negative Increased No effect r=-0.865, p<0.001

PPARa expression TAOC Positive No effect Increased
r=0.902, p<0.001;
r=0.898, p<0.001

PPARa expression CTP-1 Positive No effect Increased
r=0.908, p<0.001;
r=0.854, p<0.001

NF-kB expression MDA Negative Decreased Increased
r=-0.748, p<0.01;
r=-0.900, p<0.001

NF-kB expression M1/M2 ratio Negative Decreased Increased
r=-0.672, p<0.001;
r=-0.826, p<0.01

TNF-a MDA Negative Decreased Increased
r=-0.727, p<0.01;
r=-0.735, p<0.01

IL-1b MDA Negative Decreased No effect
r=-0.782, p<0.01;
r=-0.629, p<0.05

PPARg expression IL-4 Positive Increased No effect
r=0.770, p<0.01;
r=0.725, p<0.01

PPARg expression IL-10 Positive Increased No effect
r=0.585, p<0.05;
r=0.585, p<0.01

EETs IL-10 Positive Increased Increased r=0.657, p<0.05

DHETs MDA Negative Increased Increased r=-0.821, p<0.01

DHETs NF-kB Negative Increased Increased r=-0.766, p<0.01

DHETs TNF-a Negative Increased Increased r=-0.792, p<0.01

DHETs M1/M2 ratio Negative Increased Increased r=-0.916, p<0.001

DHETs TAOC Positive Increased Increased r=0.626, p<0.05

DHETs PPARa Positive Increased Increased r=0.664, p<0.05

DHETs CTP-1 Positive Increased Increased r=0.627, p<0.05

sEH TAOC Negative Increased Increased r=-0.707, p<0.01
• Measured variable: The primary variable measured in the study, related to liver function or metabolic processes.
• Correlated variable: Other variables found to correlate with the measured variable, based on statistical analysis.
• Direction of correlation: Indicates whether the correlation is positive or negative (e.g., an increase in one variable results in an increase or decrease in the other).
• Effect of 1,25 VD3: Whether 1,25 vitamin D3 supplementation had an effect on the measured variable.
• Effect of CDAA diet: Whether diet had an effect on the measured variable.
• r, p values: Statistical correlation (r) and significance (p) values indicating the strength and significance of the correlations between the measured and correlated variables.
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PPARa and CPT-1, and shifted KC polarization. The shift in the

composition of KCs from a pro-inflammatory phenotype (higher

M1/M2 ratio) in the CDG group to a less inflammatory phenotype

(lower M1/M2 ratio) in the CDVDG group likely contributed to the

improved hepatic cytokine profile observed in the latter. This was

reflected by reduced levels of pro-inflammatory cytokines (TNF-a
and IL-1b) and increased levels of anti-inflammatory cytokines (IL-

4 and IL-10) compared to the CDG group. Collectively, our results

support the potential of 1,25 VD3 as an adjunct therapy for NASH,

especially in individuals with vitamin D deficiency or insufficiency.

However, further research is necessary to elucidate the optimal

dosing regimens and long-term effects of 1 ,25 VD3

supplementation in NASH.

EETs, metabolites of the CYP450 pathway, have been shown to

reduce liver lipid peroxidation and inflammation in NASH mice

through PPARa and NF-kB signaling pathways (14, 15, 27, 39),

highlighting their anti-inflammatory potential in various diseases

(17–19). Our study extends these findings, demonstrating that 1,25

VD3 supplementation upregulates CYP2J3 expression, increases

EETs and DHETs in rat liver tissue, and significantly interacts with

NASH. This upregulation may contribute to anti-inflammatory

effects, as CYP2J3 expression and EETs correlate with reduced

lipid peroxidation markers (MDA, TAOC, PPARa, CTP-1) and

inflammatory markers (NF-kB, M1/M2 ratio, TNF-a, IL-1b, IL-4,
IL-10, PPARg). Interestingly, DHETs exhibit anti-inflammatory

activity, positively correlating with IL-10 and IL-4, which

contrasts with previous reports of inactivity (40) or pro-

inflammatory effects (20). However, recent studies reveal anti-

inflammatory roles for DHETs in cystic pulmonary fibrosis (41)

and pancreatic b-cell models (19), suggesting context-dependent

effects. Furthermore, the context-dependent nature of DHETs’

effects highlights the need for further research to elucidate the

specific mechanisms and conditions under which these molecules

exert their effects. Elucidating these relationships will be crucial in

harnessing the therapeutic potential of 1,25 VD3 supplementation

and EETs/DHETs in NASH and other diseases characterized by

lipid peroxidation and inflammation.

Study of interactive effects of 1,25 VD3 supplementation and

the CD diet revealed significant impacts on liver function and

metabolic markers. 1,25 VD3 mitigated CD diet-induced liver

impairment by enhancing CYP2J3 expression, which correlated

with higher EETs, DHETs, and reduced oxidative stress (lower

MDA). Further correlation studies linked increased PPARg
expression with anti-inflammatory cytokines (IL-10, IL-4) and

reduced pro-inflammatory markers (TNF-a, IL-1b), while

PPARa expression correlated with improved antioxidant capacity

(TAOC) and lipid transport (CTP-1). These findings emphasize the

interactive effects of 1,25 VD3 supplementation and choline

deficiency in favorably modulating liver function and inflammation.

Our study has some limitations. Recent research highlights the

role of circadian rhythms in NAFLD (42–45), with vitamin D

identified as a modulator of circadian regulation (46, 47).

However, we did not study circadian-related markers such as
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CLOCK, BMAL1, CRY, and PER1/2. Instead, we focused on

metabolic proteins, metabolites, and CYP450 enzymes to

investigate how 1,25 VD3 improves lipid peroxidation and

inflammation via the CYP450 and AA pathways, which are critical

in NASH progression. Secondly, liver weight and treatment-induced

changes in cellular composition were not considered when

interpreting cytokine levels. However, the shifts in KC composition

likely influenced cytokine modulation and macrophage polarization,

as discussed. Future studies could investigate the contributions of

individual liver cell types to cytokine modulation. Thirdly, while we

assessed NF-kB expression using Western blotting, we acknowledge

that immunohistochemistry (IHC) could have been used to validate

protein localization and spatial distribution. However, since the

antibody detects additional bands besides the 65 kDa NF-kB,
Western blotting allows for more accurate measurement of NF-kB
expression than IHC.

Collectively, our study revealed novel mechanisms by which

1,25 VD3 supplementation may serve as a valuable adjunct therapy

for NASH management, particularly in patients with vitamin D

deficiency or insufficiency. Further research is necessary to elucidate

the optimal dosing regimens and long-term effects of 1,25 VD3

supplementation in NASH.
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Background: Fatty acid metabolism plays a major role in several inflammatory 
diseases such as endometriosis. However, its specific mechanism in 
endometriosis remains unclear. Therefore, this study aimed to investigate 
the hub genes involved in endometriosis and fatty acid metabolism using 
bioinformatics analyses.

Methods: The R package sva was used to remove batch effects from the 
GSE120103 and GSE25628 datasets, resulting in the creation of a combined GEO 
dataset. Differential analysis of the combined GEO dataset was interposed with 
fatty acid metabolism-related genes. Differentially expressed genes associated 
with fatty acid metabolism (FAMRDEGs) were subsequently identified. Functional 
enrichment analyses were performed using the clusterProfiler package, whereas 
gene set enrichment analysis (GSEA) was used to identify significant pathways. 
Protein–protein interaction (PPI) networks were constructed using STRING and 
visualized using Cytoscape to identify hub genes. Moreover, regulatory networks 
involving transcription factors and microRNAs were constructed using ChIPBase 
and ENCORI databases, respectively. Hub genes were validated via expression 
comparison and receiver operating characteristic curve analysis.

Results: We identified 405 DEGs in the combined dataset, including 168 and 
237 with upregulated and downregulated expression, respectively. Of these, 
17 were FAMRDEGs. These genes were significantly involved in arachidonic 
acid and fatty acid metabolic processes. GSEA highlighted pathways such as 
Hamai_apoptosis_via_trail_dn for genes whose expression was downregulated, 
along with nuclear receptors in lipid metabolism and toxicity for genes with 
upregulated expression. The PPI network identified six hub genes: PTGS2, 
CYP2C9, HSDL2, HSD17B3, ACSL4, and CYP2C18. ACSL4 showed the strongest 
positive correlation with immune cell effector memory CD8 T cells, whereas 
HSDL2 showed the strongest negative correlation with immune cell-activated 
CD8 T cells.

Conclusion: The identified hub genes may be potential biomarkers of fatty acid 
metabolism in endometriosis. This reveals the potential molecular mechanisms 
underlying this metabolic process and identifies therapeutic targets for future 
interventions.
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1 Introduction

Endometriosis is an estrogen-dependent chronic 
inflammatory disease (1). According to the World Health 
Organization, approximately 10% of women of reproductive age 
are diagnosed with this condition worldwide (2). Despite the high 
prevalence of endometriosis, its pathogenesis remains unclear; 
this complicates both diagnosis and treatment. Current 
therapeutic approaches, including hormonal therapy and surgical 
interventions, often provide temporary relief. In addition, they 
often have side effects and are associated with a notably high 
recurrence rate post-surgery (3). Because the symptoms 
associated with endometriosis are frequently misattributed to 
dysmenorrhea, a condition commonly experienced by adolescent 
girls and young women, significant delays in diagnosis can occur 
(4). Therefore, further studies are required to better understand 
the underlying pathological mechanisms and develop new 
diagnostic and therapeutic strategies. Recent investigations have 
indicated that endometriosis should not be viewed solely as a 
localized condition; rather, it is associated with systemic 
alterations, including modifications in lipid metabolism.

Fatty acid metabolism plays an essential role in the 
pathophysiology of various inflammatory disorders (5). Notable 
alterations have been observed in the lipid profiles of women 
diagnosed with endometriosis, indicating a potential correlation 
between lipid metabolism and disease progression (6). In 
addition, genes related to A are involved in the regulation of 
inflammatory responses, which are pivotal for the development 
and maintenance of endometriotic lesions (7). These observations 
suggest that fatty acid metabolism-related genes (FAMRGs) are 
intricately associated with the onset and progression of 
endometriosis. However, a systematic investigation into the hub 
genes and potential regulatory mechanisms associated with fatty 
acid metabolism in the context of endometriosis remains to 
be  conducted. Therefore, this study aimed to evaluate the 
differential expression of FAMRGs in endometriosis and explore 
the potential regulatory mechanisms involved.

Our findings highlight the potential application of fatty acid 
metabolism hub genes as diagnostic markers and therapeutic 
targets in endometriosis. This study further elucidates the 
molecular mechanisms underlying the pathogenesis of this 
disease and may provide valuable insights for developing new 
diagnostic markers and therapeutic targets.

2 Materials and methods

2.1 Data used

The endometriosis datasets GSE120103 and GSE25628 were 
downloaded from the GEO database1 using the R package GEO query 
(Version 2.72.0). These datasets were extracted from human 
endometrial tissues. The chip platforms of GSE120103 and GSE25628 
were GPL6480 and GPL571, respectively (Table 1). In total, 849 genes 
related to fatty acid metabolism were identified based on previous 
literature (8–10) after combination and deduplication 
(Supplementary Table S1).

2.2 Data preprocessing

The R package sva (version 3.52.0) was used to remove batch 
effects from the two datasets, resulting in the creation of a combined 
GEO dataset. The combined dataset included 33 endometriosis and 
25 control samples. Finally, the R package limma (version 3.60.2) was 
used to standardize and normalize the integrated GEO dataset and 
annotate probes. Principal component analysis (PCA) was performed 
on the expression matrix, both before and after the removal of the 
batch effect, to assess the effectiveness of batch effect removal.

2.3 Identification of 
endometriosis-associated fatty acid 
metabolism-related differentially expressed 
genes

The data were divided into the Endometriosis and Control groups. 
The R package limma (version 3.60.2) was used to perform differential 
analysis of genes in the two groups. Genes with threshold values of 
|logFC| > 1 and p < 0.05 were considered differentially expressed 
genes (DEGs). The R package ggplot2 (version 3.5.1) was used to plot 
the results of the differential analysis as volcano plots. The intersection 
of DEGs and FAMRGs was subsequently determined, and a Venn 
diagram was drawn to obtain FAMRDEGs. The R packages pheatmap 
(version 1.0.12) and RCircos (version 1.2.2) were used to draw a 
heatmap and a chromosome localization map, respectively.

2.4 Functional enrichment analysis

The R package clusterProfiler (version 4.12.0) was used to perform 
gene ontology (GO) and pathway (KEGG) enrichment analyses on 
FAMRDEGs. The entry screening criteria were adj. p < 0.05 and q < 0.25.

2.5 Gene set enrichment analysis (GSEA)

Genes in the combined GEO datasets were sorted according to 
their logFC values. GSEA was performed using the R package 

1  https://www.ncbi.nlm.nih.gov/geo/

Abbreviations: AUC, area under the curve; BP, biological process; DEGs, 

differentially expressed genes; EMs, endometriosis; FAMRDEGs, fatty acid 

metabolism-related differentially expressed genes; FAMRGs, fatty acid metabolism-

related genes; GO, Gene Ontology; GSEA, gene set enrichment analysis; KEGG, 

Kyoto Encyclopedia of Genes and Genomes; MF, molecular function; miRNA, 

microRNA; PCA, principal component analysis; PPI, protein–protein interaction; 

ROC, receiver operating characteristic; ssGSEA, single-sample gene set enrichment 

analysis; TF, transcription factor.
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clusterProfiler (version 4.12.0) for all genes in the combined datasets. 
The c2 gene set was obtained using the R package msigdbr (version 
7.5.1) before GSEA was performed. The screening criteria for GSEA 
were adj. p < 0.05 and q < 0.25.

2.6 Protein–protein interaction (PPI) 
network

The STRING database2 was applied based on FAMRDEGs with a 
minimum interaction coefficient >0.4 to construct a PPI network 
related to these genes. The Cytoscape software was used to visualize 
the networks. The MCC algorithm in the CytoHubba plug-in of 
Cytoscape was used to calculate the scores of FAMRDEGs. Next, the 
top six FAMRDEGs were selected as related hub genes based on their 
scores. We  predicted functionally similar hub genes using the 
GeneMANIA database3 to construct a PPI network.

2.7 Construction of regulatory network

The ChIPBase database4 was used to retrieve transcription factors 
(TFs). The regulatory function of TFs in hub genes was analyzed, and 
the mRNA-TF regulatory network was visualized using Cytoscape 
software. Hub genes associated with microRNAs (miRNAs) were 
retrieved from the ENCORI database5 to evaluate the relationship 
between hub genes and miRNA. The mRNA-miRNA regulatory 
network was subsequently visualized using Cytoscape software.

2.8 Differential expression verification and 
receiver operating characteristic (ROC) 
curve analysis of hub genes

A comparative chart was constructed based on the expression 
levels of hub genes to further investigate the differential expression of 
the hub genes between the Endometriosis and Control groups within 
the integrated GEO datasets. Next, the R package pROC (version 
1.18.5) was used to generate an ROC curve for the hub genes, thereby 
enabling the calculation of the area under the curve (AUC). This 

2  http://string-db.org

3  https://genemania.org/

4  http://rna.sysu.edu.cn/chipbase/

5  https://rnasysu.com/encori/

analysis assessed the diagnostic efficacy of hub gene expression in 
relation to the occurrence of endometriosis.

2.9 Single-sample GSEA (ssGSEA)

ssGSEA was used to quantify the relative abundance of each 
immune cell type. We then used the R package ggplot2 (version 3.5.0) 
to create comparative visualizations that depicted expression differences 
in immune cells between the Control and H groups within the combined 
GEO dataset. Immune cells that demonstrated significant differences 
between the two groups were selected for further analysis. We applied 
the Spearman correlation algorithm to assess the correlation between 
immune cell types. The R package pheatmap (version 1.0.12) was used 
to create a correlation heatmap. The correlation between hub genes and 
immune cells was subsequently calculated using Spearman’s algorithm, 
and the results were retained at a p-value of <0.05. The R package 
ggplot2 (version 3.5.1) was used to draw a correlation bubble plot to 
show the correlation between hub genes and immune cells. Immune 
cells with TOP1-positive and TOP1-negative correlation with hub genes 
were identified, and a correlation scatter plot was drawn using ggplot2.

2.10 Statistical analyses

Statistical analyses were performed using the R statistical package 
(version 4.4.0; R Foundation for Statistical Computing, Vienna, 
Austria). The p-values were two-sided, and a p-value of <0.05 was 
considered statistically significant.

3 Results

3.1 Technology roadmap (Figure 1)

A flowchart illustrating the FAMRDEG analysis is shown in Figure 1.

3.2 Merging of endometriosis datasets

The endometriosis datasets GSE120103 and GSE25628 were 
processed using the R package sva to remove the batch effect and 
obtain a combined GEO dataset. The datasets before and after batch 
effects were compared using distribution box plots (Figures 2A,B) and 
PCA (Figures 2C,D). The batch effect in the dataset was successfully 
eliminated after batch processing.

3.3 DEGs related to 
endometriosis-associated fatty acid 
metabolism

The R package limma identified 405 DEGs in the combined 
dataset. Of these, the expression of 168 genes was upregulated, 
whereas that of 237 genes was downregulated. A volcano diagram for 
this dataset was drawn based on the results of differential analysis 
(Figure 3A). Moreover, a Venn diagram of all DEGs and FAMRGs was 
drawn to obtain FAMRDEGs (Figure 3B). In total, 17 FAMRDEGs 

TABLE 1  GEO microarray chip information.

GSE120103 GSE25628

Platform GPL6480 GPL571

Species Homo sapiens Homo sapiens

Tissue Endometriosis tissues Endometriosis tissues

Samples in EMs group 18 16

Samples in control group 18 6

Reference PMID: 30760267 PMID: 23460397

GEO, Gene Expression Omnibus; EMs, Endometriosis.

121

https://doi.org/10.3389/fmed.2025.1529074
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
http://string-db.org
https://genemania.org/
http://rna.sysu.edu.cn/chipbase/
https://rnasysu.com/encori/


Tu and Fang� 10.3389/fmed.2025.1529074

Frontiers in Medicine 04 frontiersin.org

were obtained: CRYL1, ASAH1, HSD17B3, DPEP3, PTGS2, PPFIA4, 
EIF6, DRD4, UROD, ETFB, CYP2C18, GIPR, CYP2C9, ACSL4, ERP29, 
HSDL2, and GPX1. Differences in the expression of FAMRDEGs 
between sample groups in the combined GEO datasets were analyzed 
based on the intersection results. A heatmap of the analysis results is 
shown in Figure 3C. In addition, the chromosome localization map of 
the 17 FAMRDEGs is shown in Figure 3D. Chromosome mapping 
showed that FAMRDEGs were mostly located on chromosomes 1, 9, 
10, and 19. UROD, PTGS2, and PPFIA4 were located on chromosome 
1; HSDL2 and HSD17B3 were located on chromosome 9; CYP2C9 and 
CYP2C18 were located on chromosome 10; and GIPR and ETFB were 
located on chromosome 19.

3.4 Functional enrichment analysis

The following GO and KEGG enrichment pathways were explored 
for the 17 FAMRGs: biological process (BP), cell component (CC), 
molecular function (MF), biological pathways (KEGG), and their 
relationship to endometriosis (EMs). The 17 FAMRDEGs used for GO 
and KEGG enrichment analyses are listed in Table 2. These genes were 
primarily enriched in arachidonic acid and fatty acid metabolic 
processes related to endometriosis. However, they were not enriched 
in the following pathways: BP, such as long-chain fatty acid and olefinic 
compound metabolic processes, regulation of protein transport, 
arachidonic acid epoxygenase activity, heme binding, oxidoreductase 
activity, acting on paired donors, and incorporation or reduction of 
molecular oxygen; MF, such as arachidonic acid monooxygenase and 
tetrapyrrole binding; or CC. In contrast, these genes were enriched in 

KEGG pathways including chemical carcinogenesis, DNA adducts, 
and serotonergic synapse. The results of the GO and KEGG enrichment 
analyses were visualized using bubble plots (Figure 4A). The network 
diagrams for BP, MF, and KEGG are shown in Figures 4B–D.

3.5 GSEA

The effect of all gene expression levels in the combined GEO 
datasets was evaluated. The GSEA results for genes involved in BP, CC, 
and MF are shown in Figure 5A and Table 3. Genes whose expression 
was downregulated in the combined datasets were significantly 
enriched in hamai apoptosis via TRAIL DN (Figure 5B), bilanges 
serum, as well as rapamycin sensitivity (Figure  5C) and other 
biologically relevant functions and signaling pathways. In contrast, 
genes whose expression was upregulated were significantly enriched 
in nuclear receptors in lipid metabolism and toxicity (Figure 5D), as 
well as srebf and mir33 in cholesterol and lipid homeostasis (Figure 5E) 
and other biologically related functions and signaling pathways.

3.6 Construction of the PPI network and 
screening of hub genes

The PPI network of 17 FAMRDEGs is shown in Figure 6A. In 
total, 12 FAMRDEGs were related: UROD, ETFB, CRYL1, HSD17B3, 
CYP2C9, PTGS2, DRD4, ACSL4, ASAH1, CYP2C18, HSDL2, and 
DPEP3. The scores of these genes were subsequently calculated, and 
the top six genes were screened based on these scores. The interaction 

Correlation 
analysis

GSE120103 GSE25628

Combined 
Dataset

FAMRDEGs

GSEA

GOKEGG

Immune
（ ssGSEA ）

mRNA - miRNA

mRNA - TF

PPI

Expression 
analysis

ROC

DEGs FAMRGs

Hub 
genes

FIGURE 1

Flowchart for the comprehensive analysis of FAMRDEGs. EMs, endometriosis; DEGs, differentially expressed genes; FAMRGs, fatty acid metabolism-
related genes; FAMRDEGs, fatty acid metabolism-related differentially expressed genes; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and 
Genomes; GSEA, gene set enrichment analysis; PPI, protein–protein interaction; miRNA, MicroRNA; TF, transcription factor; ROC, receiver operating 
characteristic; ssGSEA, single-sample gene set enrichment analysis.
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(B) Boxplots showing the distribution of post-batch integrated GEO datasets (combined datasets). (C) The PCA dataset before batch processing. 
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network is shown in Figure 6B. Six hub genes were identified, namely, 
PTGS2, CYP2C9, HSDL2, HSD17B3, ACSL4, and CYP2C18.

Finally, the GeneMANIA website predicted an interaction 
network between the six hub genes and genes with similar functions 
(Figure  6C). Six hub genes and 20 functionally similar proteins 
were identified.

3.7 Construction of regulatory network

We used the ENCORI database to obtain microRNAs associated 
with the hub genes PTGS2, CYP2C9, HSDL2, HSD17B3, ACSL4, and 
CYP2C18. The constructed mRNA-miRNA regulatory network is 
shown in Figure 7A. Four hub genes and 28 miRNAs were identified 
(Table 4).

The ChIPBase database was used to construct the regulatory 
network of TFs in hub genes. The mRNA-TF regulatory network is 
shown in Figure 7B. Eight hub genes and 40 TFs were identified in this 
regulatory network (Table 5).

3.8 Validation of differentially expressed 
hub genes and ROC curve analysis

A grouping comparison chart was constructed to evaluate the 
differences in the expression of six hub genes between the 
Endometriosis and Control groups in the combined GEO datasets 
(Figure 8A). The analysis revealed statistically significant differences 
in the expression levels of high and low. Statistically significant 
differences were observed in the expression levels of six hub genes 
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(ACSL4, CYP2C18, CYP2C9, HSD17B3, HSDL2, and PTGS2) between 
the Endometriosis and Control groups of the combined GEO datasets 
(p < 0.001). An ROC curve of expression levels of hub genes in the 
integrated GEO datasets is shown in Figures 8B–G. The expression 
levels of the six hub genes in the Endometriosis and Control groups 
were classified with high accuracy (0.7 < AUC < 0.9).

3.9 ssGSEA immune analysis

The abundance of 28 immune cell types was calculated using the 
ssGSEA algorithm. The group comparison diagram is shown in 
Figure  9A. Seven immune cells, namely, activated CD4 + T cells, 
gamma-delta T cells, CD56 dim natural killer cells, eosinophils, 
monocytes, natural killer T cells, and plasmacytoid dendritic cells, 
were significantly different between the Endometriosis and Control 
groups (p < 0.05). Correlation heatmaps of the immune infiltration of 
these cell types in the integrated GEO datasets are shown in 
Figure 9B. The association of six hub genes with these immune cells 
was analyzed using a correlation bubble chart (Figure 9C). The TOP1-
positive and TOP1-negative correlation between hub genes and 
immune cells is shown in Figures 9D,E. ACSL4 showed the strongest 
positive correlation with effector memory CD8 T cells (r = 0.704, 
p < 0.05) (Figure 9D), whereas HSDL2 showed the strongest negative 
correlation with activated CD8 T cells (r = −0.687, p < 0.05) 
(Figure 9E).

4 Discussion

Endometriosis is a chronic gynecological disorder characterized by 
the presence of endometrial-like tissue outside the uterus; it results in 

inflammation, pain, and infertility (1). Despite the high prevalence of 
endometriosis, its pathogenesis remains unclear. This complicates both 
diagnosis and treatment. Current therapeutic approaches, including 
hormonal therapy and surgical interventions, often provide temporary 
relief. Furthermore, they have side effects and a notably high recurrence 
rate post-surgery (3). Because the symptoms associated with 
endometriosis are frequently misattributed to dysmenorrhea, a condition 
commonly experienced by adolescent girls and young women, significant 
delays in diagnosis can occur (4). This underscores the pressing need to 
elucidate the mechanisms underlying the pathogenesis of this disease 
and identify novel diagnostic markers. Endometriosis involves complex 
interactions between genetic, hormonal, and environmental factors (5). 
Recent studies have highlighted the role of metabolic dysregulation, 
particularly fatty acid metabolism, in the progression of this disease (7). 
However, the correlation between endometriosis and fatty acid 
metabolism remains largely understudied.

Endometriosis is a dynamic disease characterized by time-series 
changes in gene expression. Different stages of the disease involve 
distinct biological processes and molecular mechanisms, with fatty 
acid metabolism-related genes playing a key role (11). In the early 
stages, upregulation of fatty acid metabolism-related genes may help 
control local inflammatory responses and promote the repair of 
damaged tissue. For instance, these genes can increase the synthesis 
of anti-inflammatory substances and inhibit the production of 
pro-inflammatory factors, thereby reducing the inflammatory 
response. This mechanism is crucial for early response to disease 
progression. However, as the disease progresses, the expression of 
these genes may decline, leading to lipid metabolism imbalances and 
promoting the development of chronic inflammation and 
tissue remodeling.

Fluctuations in hormone levels significantly impact the regulation 
of fatty acid metabolism. In particular, estrogen and progesterone 

TABLE 2  Results of GO and KEGG enrichment analysis for FAMRDEGs.

Ontology ID Description Gene ratio Bg ratio p value p adj q value

BP GO:0006631 fatty acid metabolic process 9/17 401/18888 1.68E-11 1.22E-08 6.97E-09

BP GO:0001676 long-chain fatty acid metabolic process 5/17 109/18888 3.42E-08 1.24E-05 7.10E-06

BP GO:0120254 olefinic compound metabolic process 5/17 162/18888 2.48E-07 4.52E-05 2.58E-05

BP GO:0051223 regulation of protein transport 5/17 440/18888 3.29E-05 0.003424 0.001956

BP GO:0019369 arachidonic acid metabolic process 4/17 58/18888 1.85E-07 4.49E-05 2.56E-05

MF GO:0020037 heme binding 3/17 142/18522 0.000277 0.004808 0.001568

MF GO:0046906 tetrapyrrole binding 3/17 152/18522 0.000339 0.004808 0.001568

MF GO:0016705

oxidoreductase activity, acting on paired 

donors, with incorporation or reduction of 

molecular oxygen

3/17 179/18522 0.000546 0.006464 0.002108

MF GO:0008392 arachidonic acid epoxygenase activity 2/17 16/18522 9.44E-05 0.00427 0.001393

MF GO:0008391 arachidonic acid monooxygenase activity 2/17 18/18522 0.00012 0.00427 0.001393

KEGG hsa05204 Chemical carcinogenesis – DNA adducts 3/13 71/8840 0.000134 0.006702 0.006209

KEGG hsa04726 Serotonergic synapse 3/13 115/8840 0.000558 0.013944 0.012917

KEGG hsa00590 Arachidonic acid metabolism 2/13 61/8840 0.003479 0.053821 0.049856

KEGG hsa00830 Retinol metabolism 2/13 68/8840 0.004306 0.053821 0.049856

KEGG hsa00061 Fatty acid biosynthesis 1/13 18/8840 0.026167 0.22962 0.212701

GO, Gene Ontology; BP, Biological Process; CC, Cellular Component; MF, Molecular Function; KEGG, Kyoto Encyclopedia of Genes and Genomes; FAMRDEGs, Fatty Acid Metabolism-
Related Differentially Expressed Genes.
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FIGURE 4

GO and KEGG enrichment analyses for FAMRDEGs. (A) A bubble plot of GO and KEGG enrichment analysis results for BP, MF, and biological pathway 
(KEGG) in FAMRDEG. GO and KEGG terms are shown on the abscissa. (B–D) GO and KEGG enrichment analysis results for the network diagram of 
FAMRDEGs showing BP (B), KEGG (C), and MF (D). Lighter red and light brown nodes represent items, and nodes represent molecules. The attachment 
shows the genes and their corresponding access nodes. Larger pathway nodes indicate greater enrichment of the pathways in genes. The color of the 
gene node indicates its logFC. Red and blue represent upregulated and downregulated gene expression, respectively. The bubble size and color 
represent the number of genes and the size of the adj. p-value, respectively. A deeper red color indicates a smaller adj. p-value, whereas a bluer color 
indicates a larger adj. p-value. The screening criteria for GO and KEGG enrichment analyses were adj. p < 0.05 and FDR value q < 0.25, and the 
Benjamini–Hochberg p-value correction method was used. FAMRDEGs, fatty acid metabolism-related differentially expressed genes; GO, Gene 
Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological process; MF, molecular function.
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affect the synthesis, oxidation, and transportation of fatty acids. At 
different stages of the disease course, hormonal changes will directly 
affect the expression patterns of the genes, resulting in different 
clinical manifestations. For example, when hormone levels are 

elevated, the expression of related genes may promote an increase in 
fatty acid synthesis, which may be inhibited by a decrease in hormone 
levels. In addition, signaling pathways in cells are also closely related 
to changes in gene expression (12). For example, activation of 
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FIGURE 5

GSEA for the combined dataset. (A) Mountain map display of four biological functions from the GSEA of combined GEO datasets. (B–E) GSEA results 
for genes with downregulated (B,C) and upregulated (D,E) expression. The screening criteria for GSEA were adj. p < 0.05 and FDR value q < 0.25, and 
the Benjamini–Hochberg p-value correction method was used. GSEA, gene set enrichment analysis.
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inflammatory signaling pathways affects the expression of fatty acid 
metabolism-related genes, leading to changes in metabolites that may 
further promote disease progression. Together, these findings suggest 
that the pathological characteristics of endometriosis are closely 
linked to dynamic changes in gene expression, which may have 
distinct biological significance at different stages.

Seventeen FAMRDEGs were identified in the present study. These 
genes were significantly involved in arachidonic acid and fatty acid 
metabolic processes. GeneMANIA predicted a complex interaction 
network between six hub genes and 20 functionally similar proteins. 
The integration of gene expression data and functional analyses 
highlighted the potential application of hub genes related to fatty acid 
metabolism as diagnostic markers and therapeutic targets in 
endometriosis. This approach could improve the diagnosis and 
treatment of endometriosis, potentially leading to personalized and 
effective therapeutic interventions. Identifying the key regulatory 
genes and pathways involved in fatty acid metabolism could provide 
new insights into the pathogenesis of this disease. PTGS2, CYP2C9, 
HSDL2, HSD17B3, ACSL4, and CYP2C18 were identified as hub genes 
in this study. Prostaglandin endoperoxidase synthase 2 (PTGS2) 
encodes COX-2 (13) that is overexpressed in the ectopic endometrium 
of women with endometriosis compared to that in the normal 
endometrium of women without the disease (14). PTGS2 emerged as 
the central hub gene in the present study, exhibiting the highest score 

among the identified FAMRDEGs. This gene plays an important role 
in the inflammatory processes associated with endometriosis, 
contributing to the progression and physiological manifestation of the 
disease (15).

Prostaglandin lactone synthase (PTGS2) (16) is a hub gene with 
significantly upregulated expression in patients with endometriosis, 
driving prostaglandin synthesis. This process intensifies local 
inflammatory and pain, a hallmark of endometriosis. PTGS2 activity 
is closely linked to chronic inflammation, pain perception, and 
pathological changes, further promoting disease progression. In 
addition, our study also found that the two cytochrome P450 enzymes 
(17), namely, CYP2C9 and CYP2C18, play an important role in fatty 
acid metabolism. Their expression not only influences hormone 
metabolism but may also disrupt the biological function of the 
endometrium, highlighting their role in fatty acid metabolism 
disorders and associated pathophysiological states.

This overexpression was correlated with elevated levels of 
prostaglandins, which are potent mediators of inflammation and pain. 
Moreover, PTGS2 is regulated by various factors, including hormonal 
therapy, which is a common treatment for endometriosis. Hormone 
therapy can enhance the expression of PTGS2, which may explain why 
it does not cure this disease (18). In addition, PTGS2 polymorphisms 
are linked to an increased risk of endometriosis, with genetic 
susceptibility mediated by inflammatory pathways (19). Similarly, the 

TABLE 3  Results of GSEA for combined datasets.

ID Set size Enrichment 
score

NES p value p adjust q value

HSIAO HOUSEKEEPING GENES 326 −0.64948 −3.26751 1.00E-10 9.95E-09 7.43E-09

REACTOME EUKARYOTIC TRANSLATION ELONGATION 68 −0.77561 −3.16842 1.00E-10 9.95E-09 7.43E-09

REACTOME EUKARYOTIC TRANSLATION INITIATION 93 −0.72453 −3.14164 1.00E-10 9.95E-09 7.43E-09

WP CYTOPLASMIC RIBOSOMAL PROTEINS 67 −0.76639 −3.109 1.00E-10 9.95E-09 7.43E-09

KEGG RIBOSOME 65 −0.76707 −3.09318 1.00E-10 9.95E-09 7.43E-09

REACTOME RESPONSE OF EIF2AK4 GCN2 TO AMINO ACID 

DEFICIENCY
77 −0.73949 −3.0839 1.00E-10 9.95E-09 7.43E-09

REACTOME NONSENSE MEDIATED DECAY NMD 89 −0.70339 −3.02811 1.00E-10 9.95E-09 7.43E-09

REACTOME SRP DEPENDENT COTRANSLATIONAL PROTEIN 

TARGETING TO MEMBRANE
86 −0.70743 −3.00935 1.00E-10 9.95E-09 7.43E-09

REACTOME SELENOAMINO ACID METABOLISM 81 −0.712 −2.9979 1.00E-10 9.95E-09 7.43E-09

REACTOME INFLUENZA INFECTION 125 −0.65741 −2.97902 1.00E-10 9.95E-09 7.43E-09

REACTOME REGULATION OF EXPRESSION OF SLITS AND ROBOS 134 −0.63804 −2.91137 1.00E-10 9.95E-09 7.43E-09

REACTOME CELLULAR RESPONSE TO STARVATION 113 −0.65122 −2.89995 1.00E-10 9.95E-09 7.43E-09

REACTOME TRANSLATION 197 −0.60453 −2.89103 1.00E-10 9.95E-09 7.43E-09

REACTOME RRNA PROCESSING 145 −0.61885 −2.84159 1.00E-10 9.95E-09 7.43E-09

KIM ALL DISORDERS DURATION CORR DN 127 −0.61318 −2.78356 1.00E-10 9.95E-09 7.43E-09

PECE MAMMARY STEM CELL UP 98 −0.63343 −2.77538 1.00E-10 9.95E-09 7.43E-09

CHNG MULTIPLE MYELOMA HYPERPLOID UP 38 −0.77545 −2.7727 1.00E-10 9.95E-09 7.43E-09

REACTOME ACTIVATION OF THE MRNA UPON BINDING OF THE 

CAP BINDING COMPLEX AND EIFS AND SUBSEQUENT BINDING 

TO 43S

47 −0.72904 −2.74679 1.00E-10 9.95E-09 7.43E-09

REACTOME SIGNALING BY ROBO RECEPTORS 175 −0.5808 −2.73332 1.00E-10 9.95E-09 7.43E-09

YAO TEMPORAL RESPONSE TO PROGESTERONE CLUSTER 17 145 −0.58658 −2.69339 1.00E-10 9.95E-09 7.43E-09

GSEA, Gene Set Enrichment Analysis; NES, Controlized Enrichment Score.
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upregulation of HSD17B3 expression may increase the risk of 
endometriosis (20).

At the same time, acid alcohol esterase 1 (ASAH1) and lipase 2 
(HSDL2) play crucial roles in fatty acid hydrolysis and metabolism. 
Changes in their expression directly impact intracellular energy 
metabolism, inflammatory response, and tissue remodeling, 
collectively influencing the biological characteristics and disease 
progression of endometriosis. The involvement of these central genes 
in regulating inflammation and fatty acid metabolism provides 
important clues for our understanding of the complex biology of 

endometriosis and may become key targets for future research and 
treatment. Therefore, elucidating their roles in inflammation and 
tissue remodeling could enhance our understanding of disease 
mechanisms and provide potential strategies for 
personalized treatment.

Our study identified several biological pathways closely linked to 
endometriosis through GO and KEGG enrichment analysis, offering 
key insights into the disease’s pathogenesis. Pathways associated with 
fatty acid metabolism, including long-chain fatty acid metabolism and 
arachidonic acid metabolism, revealed the effects of lipid metabolism 

FIGURE 6

Interaction network analysis for key genes. (A) PPI network of FAMRDEGs, as calculated using the STRING database. (B) The PPI network of the top six 
FAMRDEGs (PTGS2, CYP2C9, HSDL2 HSD17B3, ACSL4, and CYP2C18). The circle color (from red to yellow) represents the score (from high to low). 
(C) GeneMANIA forecasts the interaction network for hub genes and other genes of similar functions. Lines with different colors represent co-
expression and shared information, such as protein domains. The Hub circle represents the hub genes identified in the network, while the colored 
attachments indicate genes with similar functions. Corresponding to the color of each connection reflects different types of functional relationships, 
such as co-expression or shared protein domains.
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on inflammatory responses. The activation of these pathways may 
elevate intracellular fatty acid levels, thereby intensifying the local 
inflammatory environment. Notably, fatty acid metabolites such as 
prostaglandins play a crucial role in modulating immune responses 
and promoting endometrial growth, potentially exacerbating the 
pathological status of endometriosis. This observation aligns with 
previous studies that underscore the fundamental role of arachidonic 
acid metabolism in the inflammatory processes associated with 
endometriosis. Jiang et al. (21) demonstrated that arachidonic acid 
metabolism is the most significantly enriched pathway among the 
common DEGs identified across various subtypes of endometriosis. 
This suggests the essential role of this metabolic process in the 
inflammatory pathogenesis of the disease. Upregulation of the 
expression of genes involved in the arachidonic acid pathway indicates 
a heightened inflammatory response, which is a hallmark of 
endometriosis. In addition, the role of fatty acid metabolism in 
endometriosis has been corroborated by metabolomic studies. Ortiz 
et  al. (22) reviewed the metabolomic profiles of patients with 
endometriosis and identified significant alterations in lipid metabolism, 

TABLE 4  mRNA-miRNA interaction of key genes.

mRNA miRNA

ACSL4 hsa-miR-15a-5p

ACSL4 hsa-miR-19a-3p

ACSL4 hsa-miR-19b-3p

ACSL4 hsa-miR-26b-5p

ACSL4 hsa-miR-33a-5p

ACSL4 hsa-miR-93-5p

ACSL4 hsa-miR-96-5p

ACSL4 hsa-miR-182-5p

ACSL4 hsa-miR-200b-3p

ACSL4 hsa-miR-186-5p

ACSL4 hsa-miR-200c-3p

ACSL4 hsa-miR-106b-5p

ACSL4 hsa-miR-301a-3p

ACSL4 hsa-miR-339-5p

ACSL4 hsa-miR-429

ACSL4 hsa-miR-33b-5p

ACSL4 hsa-miR-301b-3p

ASAH1 hsa-miR-27a-3p

ASAH1 hsa-miR-214-3p

ASAH1 hsa-miR-27b-3p

ASAH1 hsa-miR-134-5p

ASAH1 hsa-miR-299-3p

ASAH1 hsa-miR-337-3p

ASAH1 hsa-miR-495-3p

ASAH1 hsa-miR-193b-3p

ASAH1 hsa-miR-656-3p

CRYL1 hsa-miR-1296-5p

PTGS2 hsa-miR-128-3p

miRNA, MicroRNA.

TABLE 5  mRNA-TF interaction of key genes.

mRNA TF

ACSL4 AR

ACSL4 CEBPA

ACSL4 CEBPB

ACSL4 EGR1

ACSL4 ERG

ACSL4 FOXA1

ACSL4 GATA1

ACSL4 GATA2

ACSL4 SPI1

ASAH1 CEBPB

ASAH1 CTCF

ASAH1 ELF1

ASAH1 ERG

ASAH1 FOXA1

ASAH1 FOXA2

ASAH1 GABPA

ASAH1 HNF4A

ASAH1 HOXB13

ASAH1 POLR2A

ASAH1 SPI1

ASAH1 TBP

CRYL1 SPI1

CRYL1 ERG

CRYL1 FOXA1

CRYL1 FOXA2

CRYL1 RELA

ETFB AR

ETFB EGR1

ETFB ELF1

ETFB EP300

ETFB ERG

ETFB ESRRA

ETFB FOS

ETFB FOSL2

ETFB FOXA1

ETFB FOXA2

ETFB GABPA

ETFB HNF4A

ETFB HOXB13

ETFB JUN

ETFB JUND

ETFB MAX

ETFB MYC

ETFB NR3C1

(Continued)
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including those of fatty acids. These metabolic changes demonstrate 
the impact of the disease on cellular processes, such as energy 
production, oxidative stress, and inflammation. The identification of 
specific metabolites could reveal non-invasive biomarkers for early 
diagnosis and further elucidate the pathophysiology of endometriosis.

At the same time, the enrichment results indicate that abnormal 
activity in key signaling pathways is directly linked to cell proliferation 
and survival, potentially dysregulating the cell cycle, thereby 
promoting disordered proliferation and migration of endometrial cells 
and increasing the formation of abnormal endometrial tissue. 
Meanwhile, signaling pathways associated with apoptosis, such as 
enrichment of apoptosis signaling pathways, indicate changes in cell 
survival mechanisms in the disease. The activation of 
pro-inflammatory cytokines may suppress normal apoptosis, thereby 
enhancing the survival and persistence of endometrial cells.

In this study, we focused on identifying genetic and molecular 
factors associated with fatty acid metabolism in endometriosis. 
However, external influences such as diet, hormone fluctuations, and 
lifestyle factors are crucial in disease occurrence and progression. 
These factors may have profound effects on fatty acid metabolism and 
play a crucial role in the occurrence and development of the disease. 
Studies have shown that eating habits (23) significantly affect lipid 
metabolism. A diet rich in omega-3 fatty acids (such as fish and nuts) 
can reduce chronic inflammation, which is often associated with the 
pathological processes of endometriosis. By inhibiting the synthesis 
of inflammatory mediators, omega-3 fatty acids may help alleviate 
symptoms and slow disease progression.

Antioxidant intake may improve lipid metabolism by reducing 
oxidative stress, which could influence the risk of developing 
endometriosis. Hormone levels, especially estrogen and progesterone 
(24), play a crucial role in regulating fatty acid metabolism. Estrogen 
can enhance the synthesis and transport of fatty acids by activating 
genes related to fat metabolism, thereby changing the function of fat 
cells (hormone fluctuations not only affect metabolism but also affect 
the expression of identified genes, thereby further interfering with the 
progress of the disease).

Lifestyle factors such as physical activity and environmental 
exposure can also affect fatty acid metabolism and disease severity. 
Lack of exercise is often associated with obesity, which may induce 
inflammatory responses and aggravate the symptoms of 
endometriosis. In addition, endocrine disruptors in the environment 
may affect hormone balance and further change metabolic pathways.

GSEA results indicate upregulation of lipid metabolism and 
toxicity-related pathways, a finding that has important clinical and 
therapeutic implications, especially in the management and 
intervention of endometriosis. Upregulation of lipid metabolism 
suggests that in a pathological state, the accumulation of fatty acids 
and related metabolites may lead to intensification of the inflammatory 
response, which is considered a key factor in promoting the 
development of endometriosis. Therefore, therapeutic strategies for 
lipid metabolism may help relieve local inflammation, thereby 
reducing patient symptoms and improving quality of life.

On the other hand, upregulation of toxic pathways suggests that 
apoptosis and stress responses may be imbalanced. In endometriosis, 
ectopic cells may be in a state of persistent stress, resulting in changes 
in cell physiological function. Recognizing the interaction of these 
toxic pathways can provide clues to novel therapeutic strategies, such 
as the use of antioxidants to combat cellular oxidative stress, or the use 
of small molecules to target specific toxic signaling pathways to restore 
normal cell function and slow disease progression.

The immune landscape of endometriosis is intricate and 
encompasses various immune cell types that considerably affect 
disease pathogenesis. In our study, ssGSEA revealed a correlation 
between endometriosis and several immune cell types, including 
activated CD4 + T cells, gamma-delta T cells, CD56 dim natural killer 
cells, eosinophils, monocytes, natural killer T cells, and plasmacytoid 
dendritic cells. The peritoneal fluid of women with endometriosis has 
a higher concentration of activated CD4 + T cells than that of healthy 
controls, suggesting an altered immune response in these patients. 
Furthermore, the peritoneal fluid of women with endometriosis 
displays increased levels of immunosuppressive cytokines, such as 
IL-10 and IL-12, which may inhibit the activity of activated CD4 + T 
cells and contribute to immune evasion by endometriotic lesions (25). 

TABLE 5  (Continued)

mRNA TF

ETFB NRF1

ETFB POLR2A

ETFB RELA

ETFB RUNX1

ETFB RUNX1T1

ETFB SMAD3

ETFB SMARCA4

ETFB SP1

ETFB SPI1

ETFB STAT3

ETFB USF1

ETFB YY1

HSD17B3 AR

HSD17B3 CEBPB

HSD17B3 CTCF

HSD17B3 FOXA1

HSD17B3 HOXB13

HSD17B3 RAD21

HSD17B3 SMC3

HSD17B3 STAG1

HSDL2 CTCF

HSDL2 EGR1

HSDL2 NRF1

PTGS2 FOXA1

PTGS2 USF1

PTGS2 CEBPA

PTGS2 CEBPB

PTGS2 ERG

UROD GATA1

UROD NRF1

UROD BCL11A

TF, Transcription factors.
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The presence of these cytokines correlated with a reduction in 
peritoneal lymphocytes, particularly within the HLA-DR + CD4 + T 
cell subpopulation, further indicating an impaired immune response 
(26). In addition, the interactions between T cells and extracellular 
matrix (ECM) proteins are modified during endometriosis. Activated 
T cells from women with endometriosis show increased adhesion to 
ECM proteins, such as collagen IV and fibronectin. This suggests that 

these interactions might contribute to the pathogenesis of the disease 
by facilitating the implantation and survival of ectopic endometrial 
tissue. This enhanced adhesion could be  a result of the altered 
expression of surface antigens on T cells. However, no significant 
differences in these antigens were observed between patients with 
endometriosis and healthy controls (27). These results indicate a close 
correlation between activated CD4 + T cells and endometriosis, which 
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FIGURE 8

Validation of differential expression and ROC curve analysis. (A) Group comparison plot of hub genes in the EMs and control groups in the combined 
GEO datasets. (B–G) ROC curves of six hub genes in the integrated GEO Datasets: ACSL4 (B), CYP2C18 (C), CYP2C9 (D), HSD17B3 (E), HSDL2 (F), and 
PTGS2 (G). **p < 0.01, ***p < 0.001. EMs, endometriosis; ROC, receiver operating characteristic; AUC, area under the curve; TPR, true positive rate; 
FPR, false positive rate. Red and blue represent the Endometriosis and Control groups, respectively.
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FIGURE 9

Immune infiltration analysis by ssGSEA algorithm. (A) Group comparison plot of immune cell infiltration in the Endometriosis and Control groups in 
combined GEO datasets. (B) A correlation heatmap of immune cell abundance. (C) A bubble plot showing the correlation between hub genes and 
immune cell infiltration in combined GEO datasets. (D) A scatter plot showing TOP1-positive correlation between hub genes and immune cells. (E) A 
scatter plot showing TOP1-negative correlation between hub genes and immune cells. ns represents p ≥ 0.05; *p < 0.05; **p < 0.01; and ***p < 0.001. 
r < 0.3, r = 0.3–0.5, r = 0.5–0.8, and r > 0.8 were considered weak or irrelevant, weak, moderate, and strong correlation, respectively. Light red and 
light blue represent the Endometriosis and Control groups, respectively. Red indicates a positive correlation, whereas blue indicates negative 
correlation. The depth of the color represents the strength of the correlation. ssGSEA, single-sample gene set enrichment analysis; EMs, endometriosis.
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is consistent with our results. In the present study, ACSL4 had the 
strongest positive correlation with effector memory CD4 + T cells. In 
contrast, HSDL2 showed the strongest negative correlation with 
activated CD8 + T cells. These results indicate that hub genes (ACSL4 
or HSDL2) are promising therapeutic targets for endometriosis.

Endometriosis (EMs) is a disease characterized by chronic 
inflammation and immune imbalances; a growing number of studies 
have revealed the key role of immune cells, especially T cell subsets 
(28), in the occurrence and development of the disease. In this study, 
we observed a potential correlation of effector memory CD8 + T cells 
in endometriosis tissues, suggesting that it may be an important factor 
affecting the immune microenvironment.

Effector memory CD8 + T cells (Tem) are a long-term survival 
subpopulation of T cells that are highly specific and can quickly recognize 
and respond to specific antigens. Typically, these cells quickly activate 
immune responses when the body is re-exposed to the same antigen, 
enhancing the body’s defense. However, in the context of endometriosis, 
these cells may be continuously activated by prolonged exposure to 
antigens in ectopic endometrial tissue. Effector memory CD8 + T cells 
are able to secrete pro-inflammatory cytokines (29) such as interferon-γ 
(IFN-γ) and tumor necrosis factor-α (TNF-α), thereby mediating local 
inflammatory responses and increasing tissue damage. This 
inflammatory environment may not only promote the development of 
ectopic lesions but may also be closely related to the pain symptoms of 
the disease, as inflammatory mediators can directly or indirectly activate 
pain-related neural pathways.

Fatty acid synthase 4 (ACSL4) plays a crucial role in fatty acid 
metabolism and is closely linked to immune cell infiltration in 
endometriosis, mainly because ACSL4 plays a key role in fatty acid 
metabolism. ACSL4 influences the polarization of immune cells, 
especially in macrophages and T cells (30). Specifically, ACSL4 
promotes the enhancement of anti-inflammatory response by 
promoting the synthesis of specific fatty acids (such as arachidonic 
acid), affecting the polarization process of macrophages, causing them 
to polarize to M2. This suggests that ACSL4 is not only involved in 
regulating fatty acid metabolism but also directly affects the function 
and infiltration patterns of immune cells, making them play a more 
effective role in the microenvironment of endometriosis. At the same 
time, ACSL4 further regulates the response of immune cells by 
changing the lipid composition of the cell membrane (31), which can 
significantly affect the migration, proliferation, and activation of 
immune cells, which is directly related to local inflammatory 
responses. In endometriosis, the expression of ACSL4 may be closely 
related to the synthesis of pro-inflammatory cytokines, which will lead 
to increased infiltration of immune cells in ectopic tissues, aggravating 
local inflammatory responses and corresponding symptoms. 
Therefore, understanding the specific mechanisms of ACSL4  in 
immune cell infiltration will help uncover the pathological 
mechanisms of endometriosis and provide new targets for future 
therapeutic strategies. Follow-up studies can further explore the 
improvement of clinical symptoms in patients with endometriosis by 
regulating ACSL4 expression activities, which will be  a potential 
therapeutic development direction.

Despite our comprehensive analyses, this study has some 
limitations. First, this study did not combine wet laboratory validation. 
Rather, it relied only on bioinformatics analyses. Therefore, further 
experimental validation is needed to confirm our findings. Second, 
the sample size was small. Therefore, more samples are needed for 

validation. In addition, there was a lack of clinical validation analyses 
to ensure that the findings have practical applications.

In our study, key molecular features associated with endometriosis 
were identified through bioinformatics analysis and computational 
tools using publicly available gene expression dataset. Specifically, 
we  downloaded endometriosis-related datasets (GSE120103 and 
GSE25628) from the GEO database, and batch processing was 
performed using the R package SVA to obtain the integrated gene 
expression dataset. Subsequently, differential analysis was performed 
using the R package limma to identify 405 differentially expressed 
genes. At the same time, six hub genes were screened from the 
differential genes through the MCC algorithm of the CytoHubba 
plug-in of the Cytoscape software. These six hub genes present a 
certain accuracy in the verification model, with an average AUC > 0.7. 
This suggests that they have high accuracy in the region of patients 
with endometriosis and healthy individuals. Therefore, our research 
not only reveals potential biomarkers but also provides a theoretical 
basis for future clinical applications.

However, owing to time and resource limitations, we have not yet 
carried out laboratory verification work. We  plan to add relevant 
experiments to future studies to verify the function and mechanism 
of identified hub genes through in vitro and in vivo experiments; this 
will further enhance the application value of our research results and 
facilitate future research and treatment of endometriosis.

In this study, we aimed to explore the molecular mechanisms of 
endometriosis by analyzing the GSE120103 and GSE25628 datasets. 
Endometriosis is a complex gynecological disease with unclear 
pathogenesis, and so understanding its molecular basis is crucial to 
developing effective diagnostic and therapeutic methods. Our core 
analytical steps included identifying and screening differentially 
expressed genes (DEGs). By comparing the expression profiles of 
healthy tissues and lesion tissues, a series of genes that were significantly 
differentially expressed in endometriosis were successfully screened. 
Subsequently, the CytoHubba plug-in of the Cytoscape software was 
used along with the MCC algorithm to screen six hub genes from 
differential genes. These genes have important centrality in the network 
and likely play a key role in the development of endometriosis.

To verify the clinical application value of these hub genes, 
we constructed a validation model; the results showed that the average 
AUC of these genes was >0.7  in patients with endometriosis and 
healthy individuals, indicating that they have good predictive 
capabilities and potential biomarker effects.

A larger sample size would better represent genetic diversity and 
variability in a wider patient population. However, owing to time and 
resource constraints, we are currently unable to obtain a larger volume 
of sample data. Future research will consider incorporating more 
samples in a bid to further explore the complex heterogeneity and 
potential therapeutic targets of endometriosis. Moreover, we plan to 
include samples from patients of different ethnicities to more 
comprehensively explore the heterogeneity of endometriosis.

In conclusion, we systematically integrated and analyzed two GEO 
datasets and identified 17 DEGs related to fatty acid metabolism using 
a series of bioinformatics methods. The PPI network identified six hub 
genes: PTGS2, CYP2C9, HSDL2, HSD17B3, ACSL4, and CYP2C18. 
Moreover, ssGSEA immune infiltration analysis revealed that ACSL4 
showed the strongest positive correlation with effector memory CD8 
T cells, whereas HSDL2 showed the strongest negative correlation with 
activated CD8 T cells. These findings not only enrich our understanding 
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of the molecular mechanisms of the disease but also provide valuable 
insights for the development of new diagnostic markers and therapeutic 
targets in the future. We  are committed to further experimental 
validations and clinical application transformations in future studies.
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The prevalence of metabolic syndrome is increasing globally year by year, which

has prompted researchers to actively seek and develop natural biotherapeutics

to address this challenge. Lactoferrin (LF), as a multifunctional iron-binding

natural transferrin, has garnered significant attention due to its potential role in

regulating metabolism and the immune system. Recent studies show lactoferrin

may influence lipid metabolism and glucose-insulin balance, and its levels are

linked to body measurements. We systematically summarized the phenotypic

and genotypic changes of LF in patients with metabolic syndrome, and the effect

of exogenous LF on the treatment of metabolic syndrome. We also recapitulate

LF can alleviate insulin resistance by inhibiting the NF-kB inflammatory pathway,

activating the IRS/PI3K/Akt/Glut signaling pathway, and inhibiting the renin-

angiotensin system to reduce the blood pressure, therefore improving the

metabolic syndrome. This provides an important theoretical basis for the

clinical application of LF in metabolic syndrome.
KEYWORDS

lactoferrin, bioactive peptide, metabolic syndrome, insulin resistance, hypotension
1 Introduction

Metabolic syndrome (MS) is a worldwide healthcare issue of increasing magnitude,

with the number of cases projected to reach approximately 2.568 billion by 2040 (1). MS is

defined by metabolic abnormalities, including insulin resistance, central obesity,

hyperlipidemia, hyperglycemia, and hypertension, and is also critically involved in the

pathogenesis of cardiovascular diseases, strokes, and tumors (2). MS is a condition marked

by insulin resistance that can lead to type 2 diabetes mellitus (T2DM). It has been well-

documented that insulin resistance results in elevated levels of inflammatory factor

markers, such as C-reactive protein (CRP) and cytokine interleukin 6 (IL-6) (3, 4), and

promotes adverse outcomes of atherothrombosis through an acceleration of the premature

atherosclerosis process (5, 6). Although it is commonly believed that obesity induces the

onset of insulin resistance, hepatic insulin resistance is an early step in peripheral insulin
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resistance, so insulin resistance actually precedes the onset of

obesity (7). The accumulation of visceral fat, a typical symptom

of obesity, leads to the production of adipokines such as leptin (8),

lipocalin (9), C1q tumor necrosis factor-related protein 9 (10),

chemerin (11), and retinol-binding protein 4 (12), which are

involved in a variety of metabolic processes such as glucose

uptake, insulin signaling, and fatty acid oxidation, and are highly

correlated with T2DM and cardiovascular and microvascular

complications are highly relevant (13, 14).

In addition to active intervention and improvement of the

patient’s lifestyle, the clinical treatment of MS focuses on

individual or combined drug therapy for specific pathologic

features to achieve reduction of insulin resistance, restoration of

normal blood glucose, improvement of lipid metabolism disorders,

and lowering of blood pressure. However, most of these drugs may

cause more side effects, such as rimonabant and sibutramine having

psychiatric or cardiovascular risks, respectively, and the pancreatic

lipase inhibitors orlistat and metformin can cause gastrointestinal

adverse effects (15). Although Chinese medicines with fewer side

effects represented by polyphenols, polysaccharides, saponins, and

alkaloids can also reduce MS symptoms better, there are still fewer

clinical studies, insufficient sample size, and difficulty in extracting

and identifying bioactive components (16). In view of these many

problems, it is urgent to seek and develop novel natural biological

drugs to prevent and treat MS.

In recent years, it has been found that LF is closely related to the

development of MS and has the potential to treat MS (17, 18). LF

was first found in cow’s milk, and human LF, consisting of 710

amino acids, has a molecular weight of about 80 kDa. It is

structurally similar to serum transferrin and can bind to ferric

ions, and therefore is categorized as a member of the transferrin

family. In addition to being present in most milk secretions, LF is

also distributed in mucosal secretions and granules of neutrophils.

It is now often used as a food additive and pharmaceutical adjuvant,

playing the roles of antioxidant, bacterial inhibition, enhancement

of drug efficacy and reduction of drug resistance. LF has been found

to have the potential to be used as an antioxidant, drug enhancer,

and drug mitigator in MS (18). Studies have reported that it is also

involved in the regulation of glucose and lipid uptake, improvement

of insulin production and signaling, inhibition of adipogenesis,

reduction of inflammation, and oxidative stress associated with

metabolic syndrome, among other processes.
2 Lactoferrin effective in improving
metabolic syndrome

Clinical studies have shown a practical correlation between

fluctuations in endogenous LF levels and metabolic disorders, and

LF may regulate glucose metabolism, insulin homeostasis and lipid

metabolism. Lactoferrin levels were significantly reduced in patients

with gestational diabetes, which was linked to hyperglycemic

indicators and iron homeostasis disorders, and may serve as a

biomarker for detecting different stages of gestational diabetes (19).

The concentration of LF in the saliva of healthy individuals was
Frontiers in Endocrinology 02139
about 40% higher than that of patients with decompensated T2DM,

and the release of LF from neutrophils was correspondingly reduced

in insulin-resistant subjects (20). Lactoferrin could also enhance

insulin signaling and inhibit the activity of RB1 and AMPK,

promoting fat production in human adipocytes (21). The

expression level of the LF gene was significantly lower in obese

patients and negatively correlates with the expression level of

inflammatory markers, with fasting triglyceride (TG), body mass

index (BMI), and fasting glucose, and with plasma high-density

lipoprotein cholesterol (HDL-C) levels, and there was also a

significant correlation with the risk of hypertension (22). In

severely obese patients, LF concentrations were negatively

correlated with postprandial lipemia, oxidative stress parameters

(e.g., catalase and glutathione peroxidase), and CRP, suggesting that

endogenous LF was elevated and subjects had an improved response

to fat load (23).

LF and LF receptor gene variants are associated with the

prevalence of disorders of glucolipid metabolism. In subjects with

altered glucose tolerance, two LF gene polymorphisms (LF

rs1126477 and rs1126478) were associated with HDL-C and TG

levels (18). Whereas in metabolically healthy obese patients, there

was a significant difference in low-density lipoprotein cholesterol

(LDL-C) levels between LTF rs1126477 gene variants, and LDL-C

levels were significantly different (18), serum LF concentrations

were also negatively correlated with HDL-C levels (24).

Polymorphisms in the LF receptor gene (LRP1 rs4759277) have

also been associated with fasting insulin levels and homeostatic

modeling assessment of insulin resistance in patients with metabolic

syndrome (25).

Exogenous supplementation of LF could also improve energy

metabolism (26, 27). Three months of oral administration of camel

LF capsules to pediatric patients with T2DM resulted in a significant

increase in insulin expression and a decrease in serum glucose,

suggesting a potential hypoglycemic effect of camel LF (28). Subjects

supplemented with LF showed a significant reduction in total and

visceral fat accumulation, leading to a decrease in body weight and

BMI (29) as well as a decrease in intestinal absorption of TG (30).
3 Mechanisms of lactoferrin alleviating
the metabolic syndrome

3.1 Anti-inflammatory effects of lactoferrin
improve insulin resistance

Inflammation is an important cause of the development of

insulin resistance (31). LF may significantly affect insulin signaling

and related functions by reducing inflammation (26). Animal

experiments have shown that LF improves the behavioral

manifestation of pain in rats with chronic compression injury

models and inhibits inflammatory responses by down-regulating

the levels of inflammatory cytokines IL-6 and tumor necrosis

factor-a (TNF-a), thus exerting analgesic effects (Figure 1) (32).

Down-regulation of TNF-a and IL-6 mRNA expression in the

pancreas of diabetic mice modulates pancreatic inflammatory state
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to improve pancreatic dysfunction (30). Diabetic LF knockout mice

are more susceptible to periodontal disease with increased secretion

of pro-inflammatory cytokines compared to diabetic wild-type mice

(33). LF inhibits the release of IL-1b in the liver (34), suppresses the

expression of monocytes chemochemin-1 (MCP-1) in the liver and

adipose tissue of epididymis in obese mice (35), decreases the levels

of intercellular cell adhesion molecule-1 (ICAM-1) and vascular cell

adhesion molecule-1 (VCAM-1) in mice fed a high-fat diet (22),

and reduces the expression modulate the lipopolysaccharide (LPS)-

mediated inflammatory cascade (36), mainly by inhibiting LPS-

induced secretion of IL-6 by human monocyte cell lines (37), down-

regulating LPS-stimulated secretion of IL-10 by macrophages (38),

and inhibiting the expression of pro-inflammatory cytokines

including TNF-a, IL-1, IL-6 and IL-8 (39), and upregulates

lipocalin expression (18).

In T2DM mice, LF ameliorates pancreatic dysfunction by

reducing inflammatory responses through regulating the PI3K/

AKT signaling pathway. LF reduces serum glycated protein and

fasting insulin concentrations and improves hepatic insulin

sensitivity (30), and also reduces serum or hepatic levels of TNF-

a, IL-6, and IL-1b, reversing abnormal inflammatory responses in

diabetic mice (17). In addition, LF can maintain intestinal barrier

integrity and alleviate LPS-induced inflammatory responses by

attenuating the NF-kB/MAPK pathway (40), and regulate the

expression of cytokines, such as TNF-a, IL-6, and IL-1, to exert

the protective effect of the intestinal immune barrier (41), rebalance

the disorders of glucose-lipid metabolism, and restore inflammatory

parameters (42). The effect of lactoferricin bovine (LfcinB) in rats

with enteritis led to a decrease in the mRNA expression of pro-

inflammatory factors IL-6, IL-1b, and TNF-a in colonic tissues,
Frontiers in Endocrinology 03140
which mainly inhibited the occurrence and development of

inflammation through the NF-kB/NLRP3 signaling pathway and

thus achieved the protection of the intestinal mucosal barrier

function. MT10, the main product produced after gastric

digestion, can prevent inflammatory damage of intestinal

organoids by TNF-a and maintain stable growth of intestinal

organoid cells (43).

The role of LF as an anti-inflammatory agent has also been

validated in in vitro cellular-level experiments. In studies on the

human hepatocellular carcinoma cell line HepG2 as well as the

undifferentiated and pre-differentiated fibroblastic mouse cell line

3T3-L1 under non-inflammatory and inflammatory conditions, it

was found that the hypoglycemic activity of LF may be related to the

improvement of insulin resistance by regulating the expression of

glycoprotein genes and thus exerting the anti-inflammatory

mechanism of its activity (44, 45). LF down-regulated the

expression of transforming growth factor-b-activated kinase 1

and IL-18, restored the level of AKT (Ser 473) phosphorylation in

3T3-L1 cells, and reduced the expression levels of IL-8, IL-6 and

MCP-1 genes in subcutaneous and visceral adipocytes (22).

LF exerts insulin-sensitizing and anti-inflammatory effects by

inhibiting the TLR-4/NF-kB/SIRT-1 signaling cascade and

correspondingly decreases the expression of serum pro-inflammatory

cytokines IL-1b, IL-6, lipocalin 2, and TNF-a, thereby reducing

diabetes-related inflammation (28). It directly promotes glucose

transport to small intestinal epithelial cells via sodium-dependent

glucose transporter 1 through down-regulation of Ca2+ and cAMP

signaling pathways (46) and leads to increased energy expenditure by

promoting uncoupling protein 1 gene expression in brown adipocytes

through the cAMP-PKA signaling pathway (47).
FIGURE 1

The mechanisms of lactoferrin alleviating the metabolic syndrome (By Figdraw).
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3.2 Lactoferrin activates IRS-1/PI3K/AKT to
improve insulin resistance

Studies have shown that LF upregulates insulin receptor (IR), insulin

receptor substrate-1 (IRS-1), glucose transporter 4 (GLUT4), PI3K and

AKT in liver protein expression (30), increases peroxisome proliferator-

activated receptor g and regulatory protein SIRT-1 expression (28), and

is negatively correlated with chronic inflammation-induced metabolic

disorders of insulin resistance, hyperglycemia, and obesity, and positively

correlated with insulin sensitivity (48). Huang (49) observed that the

PI3K/AKT pathway was blocked in the T2DM state. Lactoferrin can

activate the IRS-1/PI3K/AKT pathway by facilitating insulin binding to

IR. AKT activation leads to phosphorylation of AS160, which

contributes to the translocation of GLUT4 from intracellular vesicles

to the cell membrane, thereby improving glucose uptake (30, 34). In

addition, the protective effects of LF can be realized through its ability to

bind glucose and its anti-inflammatory activity (50). During

differentiation of HepG2 and 3T3-L1 cells, lactoferrin increases

insulin-induced phosphorylation of AKT (Ser 473), leading to an

increase in AMPK (pThr 172) and a decrease in adipogenesis (51).

The LF effect of p-AKT has also been found in other diseases, with

Alzheimer’s disease patients having reduced levels of PI3K and p-AKT

in peripheral blood lymphocyte solution, and significant improvements

in all of these metrics with LF (52).

The bioactive peptides that were obtained through modification

and alteration were also more successful in mitigating the effect of

insulin resistance. The suggested peptide, which has the sequence RER-

EtBn, has the ability to stimulate the phosphorylation of its major

target, AKT serine, inhibit the phosphorylation of Gsk-3b, and then

promote the translocation of the GLUT4 protein to the cell membrane’s

surface to promote glucose translocation, all of which have a positive

impact on the state of insulin-resistant glucose metabolism (53).

It is evident that LF ameliorates hepatic insulin resistance and

pancreatic dysfunction in T2DM mice by regulating the PI3K/AKT

signaling pathway. In addition, it has been shown that whey protein

can stimulate the translocation of GLUT4 to the plasma membrane of

muscle tissue independently of insulin secretion (54), while LF itself can

reverse the GLUT4 downregulation triggered by a high-fat diet (30).

This may be another potential hypoglycemic mode of action of LF, and

its specific mechanism needs to be further investigated.
3.3 Lactoferrin inhibits the renin-
angiotensin system to regulate blood
pressure

Hypertension, as a chronic disease, is the causative agent of a

wide range of clinical disorders and often requires long-term

medication. The regulatory effects of LF on blood pressure have

also received attention, and its antihypertensive effects may be

exerted by affecting nitric oxide (NO) synthesis and endothelium-

dependent vasodilation. LF treatment significantly down-regulated

the high-salt and high-fat-induced renal NLRP3 inflammatory

vesicles and protein expression levels of inflammatory factors and

regulated the expression levels of mRNAs related to the renin-
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angiotensin-aldosterone system pathway, which can prevent 8%

NaCl diet-induced hypertension and renal injury in mice (55). LF

reduces systolic blood pressure, serum adhesion molecules (ICAM-

1 and VCAM-1) and aortic reactive oxygen species levels, and

improves the endothelium-dependent diastolic function in mice fed

a high-fat diet. In addition, LF down-regulated the Tak1/IL-18/

eNOS pathway between perivascular adipose tissue and the aorta

and promoted NO production in high-fat diet mice, which in turn

ameliorated hypertension (22). Dexamethasone-induced systolic

blood pressure elevation was lessened by LF administration (56),

which also boosted NO generation in bovine aortic endothelial cells

(57) and phosphorylated more eNOS in human aortic endothelial

cells via a Scr/Akt/eNOS-dependent pathway (22).

Hypotensive peptides derived from lactoferrin have also been

identified, and the angiotensin-converting enzyme-inhibiting

tripeptide low-density lipoprotein receptor related protein (LRP)

derived from bovine lactoferrin, has antihypertensive effects (58).

RPYL, identified from the lactoferrin B-derived peptide LfcinB20-25

(RRWQWR), has antihypertensive activity comparable to valsartan

(59). The antihypertensive effects of the heptapeptides found in

lactoferrin pepsin LF hydrolysate and yeast protein hydrolysate

(DPYKLRP) were observed in spontaneously hypertensive rats. The

antihypertensive effects were comparable in magnitude and duration

to those of the antihypertensive medication captopril (60). Long-term

oral treatment of spontaneously hypertensive rats resulted in a

considerable reduction in systolic blood pressure as well as a

decrease in serum levels of aldosterone, angiotensin II, and the

enzyme angiotensin converting enzyme; however, it had no

antihypertensive impact on normotensive rats (61). In addition,

data suggests that LfcinB20-25, LfcinB17-31, and LfcinB17-22 have

a 10-fold in vitro antihypertensive effect. RPYL and LIWKL have

similar inhibitory effects on angiotensin converting enzyme (ACE)-

dependent vasoconstriction. LF hydrolysates, The antihypertensive

effects of LfcinB20-25, RPYL and LIWKL may be due to ACE

inhibition and induced reduction of vascular tone in vivo. The

above ex vivo experiments showed that LF-derived peptides have

higher ACE inhibitory capacity in ex vivo (62). It has been shown that

LF-derived peptides’ mechanisms of hypotensive action involve not

only the inhibition of ACE but also interactions with the renin-

angiotensin system, the endothelin system, and regulation of gene

expression encoding proteins involved in the NO pathway and

prostaglandin synthesis (61).
4 Conclusions

In summary, the mechanism of LF in human metabolism

involves multiple processes, including regulation of glucose and

lipid uptake, improvement of insulin production and signal

transduction, inhibition of adipogenesis, elevation of HDL

cholesterol and reduction of oxidized LDL cholesterol forms, and

reduction of inflammation and oxidative stress associated with the

metabolic syndrome. Therefore, LF may be an effective therapeutic

target for metabolic disorders and is significant for the study of the

occurrence and development of various diseases. Simultaneously,
frontiersin.org

https://doi.org/10.3389/fendo.2025.1562653
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Zong et al. 10.3389/fendo.2025.1562653
LF is a nutritional additive that has received approval from

regulatory agencies, with no significant potential side effects

identified. Its safety has been corroborated through studies for the

treatment of other conditions, including iron-deficiency anemia

(63–65). However, LF is in reality degraded in the gastrointestinal

tract, so its biological effects may derive mainly from its digestion

products rather than from the intact LF molecule. It has been shown

that exogenous LF is hydrolyzed by proteases and mainly exists in

the form of peptides, which have small molecular masses, are well

digested and absorbed, and even exhibit higher biological activities

(66). Therefore, further investigation is needed to find out whether

LF autocrine is consistent with the effect of exogenously added LF.
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60. Garcıá-Tejedor A, Sánchez-Rivera L, Castelló-Ruiz M, Recio I, Salom JB,
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Background: The triglyceride–glucose (TyG) index has been confirmed to be a

predictor of cardiovascular diseases. The present study aimed to assess the

predictive value of TyG index for left ventricular aneurysm (LVA) formation and

prognosis in patients with acute ST-segment elevation myocardial infarction

(STEMI) who underwent primary percutaneous coronary intervention (PCI).

Methods: This prospective study included 991 patients with acute STEMI who

underwent primary PCI. Multivariable logistic regression and receiver operating

characteristic (ROC) curve analysis were used to assess the predictive value of

TyG index for LVA formation. Prognosis analysis was performed with cox

proportional hazard regression.

Results: The prevalence of LVAwas 14.4%. A higher TyG indexwas associated with a

greater incidence of LVA (23.1% vs. 11.8%, P< 0.001). The TyG indexwas also higher in

the LVA group than in the non-LVA group (9.4 ± 0.9 vs. 9.0 ± 0.8, P<0.001).

Multivariable logistic regression analysis revealed that the TyG index was

independently associated with the risk of LVA [odds ratio (OR)= 2.4, 95%

confidence interval (CI)= 1.51-3.82, P< 0.001]. The predictive value of the TyG

index remained significant even after cross-validation by dividing the study

population into a training set (OR= 2.32, 95% CI= 1.24-4.35, P= 0.009) and

validation set (OR= 3.19, 95% CI= 1.42-7.19, P= 0.005). Higher TyG index was

correlated with increased risk of cardiac death (HR= 2.17, P= 0.04). The maximal

length and width of LVA were significantly increased in patients with TyG index ≥

9.68 compared with < 9.68 (P< 0.001). The discriminant power of TyG index for LVA

was 0.742, which was superior to both triglyceride (C statistic= 0.666) and fasting

blood glucose (C statistic= 0.613). The combination of TyG index, left ventricular

ejection fraction, gensini score, and left anterior descending artery as the culprit

vessel could significantly improve the predictive ability (C statistic= 0.908).

Conclusions: A higher TyG index was an independent predictor for LVA

formation and increased risk of cardiac death in patients with STEMI who

underwent primary PCI.
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Introduction

ST-segment elevation myocardial infarction (STEMI) is the

most dramatic manifestation of acute myocardial infarction

(AMI) associated with increased short- and long-term cardiac

death (1). Left ventricular aneurysm (LVA) is a common and

severe complication of AMI, characterized by the outward

expansion of the infarcted myocardium during both systole and

diastole (2). Patients with AMI and LVA have a six-fold higher

cardiac death rate compared to those without LVA, primarily due to

the higher incidence of arrhythmias, thromboembolic phenomena,

congestive heart failure, and cardiac rupture (3, 4). Given the high

incidence rate (10%-38% of patients with AMI) (5) and poor

prognosis associated with LVA, it is crucial to identify risk factors

that contribute to its formation for effective prophylactic treatment.

The triglyceride-glucose (TyG) index, which is calculated using

fasting triglyceride and blood glucose level data, has been identified

as a reliable biomarker for evaluating insulin resistance (IR) (6).

Additionally, numerous studies have indicated an association

between TyG index and cardiovascular diseases. In a prospective

cohort study involving 823 patients, a high TyG index was found to

be correlated with an increased risk for cardiac death and

rehospitalization in patients with heart failure with preserved

ejection fraction (7). Furthermore, Chen. et al. reported that the

TyG index was associated with recurrent revascularization in

patients with type 2 diabetes mellitus after percutaneous coronary

intervention (8). Moreover, the TyG index has been demonstrated

to be an effective prognostic factor and for risk stratification in

patients with acute coronary syndrome (ACS) (9–13). More

importantly, the molecular mechanisms of TyG index as a marker

for predicting cardiovascular diseases have also been studied, and

included metabolic fexibility, endothelial dysfunction, coagulation

disorders, and smooth muscle cell dysfunction (9). However, no

study has investigated the association between TyG index and the

risk of LVA formation. As such, the purpose of the present study

was to assess the predictive value of the TyG index for the risk of

LVA formation in patients with acute STEMI in a sample of the

Chinese population.
Methods

Study design and participants

This study was approved by the Review Board of Panzhihua

central hospital (Sichuan, Panzhihua, China) and adhered to the

principles of the Declaration of Helsinki. Written informed consents

were obtained from all participants. A total of 1201 consecutive
02145
patients with acute STEMI, who underwent primary PCI at the

Cardiology Division of Panzhihua Central Hospital between March

2018 and June 2023, were recruited. Acute STEMI was diagnosed

based on the fourth universal definition of myocardial infarction (14),

which includes the following criteria: typical chest pain lasting > 30

minutes, with new ST-segment elevation at the J point in at least two

contiguous leads of > 2mm (0.2 mV) inmales or > 1.5mm (0.15mV)

in females on admission electrocardiogram, and an increase in

cardiac enzyme levels > 99th percentile cut-off point for cardiac

troponin I (cTnI). The exclusion criteria consisted of non-

ischemic cardiomyopathy (including hypertrophic and dilated

cardiomyopathy), congenital heart disease, renal or liver failure,

active infection, malignant tumors or a life expectancy < 1 year,

thrombolytic therapy before admission, or loss to follow-up.

Ultimately, a total of 991 patients were included in the

association analysis.
PCI procedure and definitions

Before primary PCI, all patients were administered aspirin (300

mg loading dose followed by 100 mg daily), clopidogrel (of 600 mg

loading dose followed by 75 mg daily), or ticagrelor (180 mg loading

dose followed by 90 mg twice daily). In addition, a bolus of

unfractionated heparin (UFH) was administered intravenously at

a dose of 70 U/kg of body weight. The primary PCI procedure was

performed using either the standard radial or femoral approach, in

accordance with current guidelines. A stent was deployed in the

culprit artery of all patients. During the PCI procedure, the operator

had the discretion to decide whether to use balloon pre-dilatation or

post-dilatation, type of stents (bare metal or drug-eluting), and the

application of thrombus aspiration. The glycoprotein IIb/IIIa

receptor inhibitor tirofiban was initiated during the PCI

procedure, at the operator’s discretion, with a 10 mg/kg
intracoronary bolus followed by a 0.15 mg/kg/min intravenous

infusion. A technically successful stent implantation was defined

as residual postprocedural stenosis < 10% in the culprit lesion. Two

independent experts assessed and confirmed the results of coronary

angiograms, as well as the extent and degree of stenosis in each

major coronary artery vessel. On discharge, medical therapy was

prescribed based on individual patient condition and guideline

recommendations for secondary prevention.
Clinical follow-up and data collection

In this study, we conducted follow-up every 3 months through

outpatient interview or by telephone contact. The primary endpoint
frontiersin.org
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was defined as development of LVA. The secondary endpoint was

defined as cardiac deaths. Trained physicians blinded to the study’s

purpose were charged with collecting information regarding patient

demographics and clinical characteristics, including age, sex,

hypertension, diabetes, smoking status, and medication used at

discharge from the electronic medical recording system. Venous

blood samples for laboratory investigations were collected from all

patients on admission to the emergency room before primary PCI,

as well as 8–12 h after PCI. To determine the peak value of cardiac

enzyme levels, blood samples for troponin I (TnI) and lactate

dehydrogenase (LDH) were obtained from a peripheral vein, after

admission to the intensive coronary care unit, every 12 h during the

first 48 h and every 24 h during the remainder of the stay in the

intensive coronary care unit. Fasting blood-glucose (FBG) and lipid

levels were measured after PCI. The TyG index was calculated using

the following equation (9): In (fasting triglyceride [mg/dl] × FBG

[mg/dl])/2.
Definitions

The diagnosis of left ventricular aneurysm (LVA) was

performed in accordance with the protocol outlined in the

Coronary Artery Surgery Study (CASS) (15). The criteria for

diagnosing LVA included the following: (I) bulging of the left

ventricular wall during both diastole and systole, exhibiting either

akinesia or dyskinesia; (II) clear demarcation of the infarcted

segment; and (III) absence of trabeculation in the affected

segment. After admission, two-dimensional transthoracic

echocardiography (TTE) was performed within 3 days, and at 1

and 6 months during the follow-up period. LVA was diagnosed

using TTE at the 6-month follow-up. Additionally, hypertension

was defined as treatment for hypertension before admission or a

blood pressure > 140/90 mmHg. Diabetes mellitus was defined as a

fasting plasma glucose level > 7.0 mmol/L, a postprandial blood

glucose level > 11.1 mmol/L, a hemoglobin A1c level > 6.5%, or

treatment for diabetes mellitus. Smoking history was defined as

having smoked > 2 pack-years and/or having smoked within the

past year.

The Gensini score was calculated using the method developed

by Celebi et al. (16). In summary, a severity score was assigned to

each coronary stenosis based on the degree of narrowing (in %), as

follows: ≤ 25% (1 point); 26% to 50% (2 points); 51% to 75% (4

points); 76% to 90% (8 points); 91% to 99% (16 points); and total

occlusion (32 points). Additionally, each coronary stenosis score

was multiplied by a factor that considered the importance of the

lesion’s position in the coronary circulation: 5 for the left main

coronary artery; 2.5 for the proximal segment of the left anterior

descending coronary artery (LAD); 2.5 for the proximal segment of

the circumflex artery; 1.5 for the mid-segment of the LAD; 1.0 for

the right coronary artery, the distal segment of LAD, the

posterolateral artery, or the obtuse marginal artery; and 0.5 for

the other segments. The sum of the scores for each coronary

segment yielded the Gensini score.
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Statistical analysis

Statistical analyses were performed using SPSS 26 (IBM

Corporation Armonk, NY, USA). Descriptive statistics were

expressed as number (percent) for categorical variables and as

median and interquartile range (IQR) or mean and standard

deviation (SD) for continuous variables. The best cut-off value of

TyG index to stratify patients into two groups was determined to be

8.98 according to the receiver operating characteristic (ROC) curve

analysis. Differences among groups were assessed using appropriate

statistical tests, including the chi-squared, independent-sample t, or

Mann–Whitney U tests. Univariate logistic regression analysis was

used to examine the association between different variables and the

risk for LVA formation. Variables with P< 0.05 in the univariate

analysis were included in the multivariate logistic regression analysis.

Cox proportional hazard regression models were performed to

calculate the hazard ratio (HR) and 95% confidence intervals

(95% CIs) for the associations between the TyG index and the

prognosis of patients. All comparisons were two-sided, and

differences with P< 0.05 were considered to be statistically significant.
Results

Patient characteristics

A flow-diagram depicting the overall workflow of the study is

presented in Figure 1. Baseline characteristics of the cohort (n = 991)

are summarized in Table 1. The mean (± SD) age of the study cohort

(78.4%male) was 61.1 ± 12.8 years. Throughout the follow-up period

for TTE, a total of 143 LVA incidents (14.4%) were observed.

Subsequently, baseline demographics and clinical characteristics

of the patients in groups with and without LVA formation were

compared. As shown in Table 1, patients in the LVA group were

older, more likely to be female, and exhibited higher levels of

diastolic blood pressure (DBP), heart rate, creatinine (Cr), total

cholesterol (TC), low-density lipoprotein cholesterol (LDL-C),

LDH, Peak cTnI, fasting blood glucose (FBG), TyG index, gensini

score, and a higher proportion of thiazide or loop diuretic use, and

LAD as the culprit vessel (P< 0.05) compared with those in the non-

LVA group. Conversely, the proportion of patients who smoked and

used b-blockers, the level of left ventricular ejection fraction (LVEF),
hemoglobin, and triglycerides (TG) were lower in patients with LVA

formation compared to those without LVA (P< 0.05).

According to the maximum Youden Index criterion and ROC

curve analysis, the optimal cut-off value for the TyG index to stratify

patients into two groups was determined to be < 8.98 and ≥ 8.98. As

shown in Table 2, patients in the TyG≥ 8.98 group were younger,

more likely to be female, and had higher systolic pressure (SBP),

DBP, red blood cell count, hemoglobin, HbA1c, TC, TG, LDL-C,

and FBG, as well as a higher prevalence of diabetes and LVA

formation. In contrast, patients with TyG≥ 8.98 had lower levels of

AST, high-density lipoprotein cholesterol (HDL-C), and Peak cTnI

compared to those with TyG< 8.98.
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TABLE 1 Baseline characteristics and laboratory findings of study population according to the presence of center ventricular aneurysmus.

Demographics Total population (N= 991) Non-LVA patients (N= 848) LVA patients (N= 143) P-value

Age, years 61.1 ± 12.8 60.2 ± 12.7 66.5 ± 11.9 <0.001

Male, n (%) 777 (78.4) 678 (80.0) 99 (69.2) 0.004

Hypertension, n (%) 553 (55.8) 464 (54.7) 89 (62.2) 0.094

Diabetes, n (%) 299 (30.2) 249 (29.4) 50 (35.0) 0.177

Smoking, n (%) 521 (52.6) 460 (54.2) 61 (42.7) 0.01

LVEF, % 56 (50–60) 57 (53–60) 43 (37–50) <0.001

SBP, mmHg 129.3 ± 20.8 129.3 ± 21.0 128.9 ± 19.7 0.81

DBP, mmHg 80.8 ± 14.3 80.2 ± 14.6 83.9 ± 11.7 0.001

Heart rate, beats/min 83.3 ± 16.0 82.3 ± 15.6 89.1 ± 16.9 <0.001

Laboratory tests

White blood cell count, 109/L 9.8 (7.7-12.0) 9.8 (7.7-11.9) 9.7 (7.5-12.4) 0.71

Red blood cell count, 109/L 4.5 ± 0.6 4.5 ± 0.6 4.4 ± 0.7 0.14

Neutrophil count, 109/L 7.6 (5.7-9.6) 7.4 (5.7-9.5) 7.9 (5.9-10.2) 0.262

Platelet count, 109/L 223.6 ± 68.5 224.7 ± 70.2 217.1 ± 57.1 0.22

Hemoglobin, g/L 138.2 ± 20.3 139.0 ± 20.1 133.8 ± 21.1 0.005

ALT, U/L 27.2 (17.6-48.4) 27.1 (17.8-48.2) 28.1 (17.2-51) 0.865

AST, U/L 55.7 (24.7-160) 55.6 (24.8-152) 62.7 (24.6-226.8) 0.202

HbA1c, % 6 (5.6-6.9) 6 (5.6-6.8) 6.1 (5.7-7.1) 0.083

Cr, umol/L 72.2 (62.1-87.2) 71.6 (62-87.1) 78.3 (66.5-90.3) 0.007

TC, mmol/L 4.7 ± 1.2 4.7 ± 1.2 4.9 ± 1.2 0.04

TG, mmol/L 1.4 (1.0-2.1) 1.5 (1.0-2.2) 1.3 (0.8-1.7) <0.001

HDL-C, mmol/L 1.0 ± 0.3 1.0 ± 0.3 1.0 ± 0.3 0.63

LDL-C, mmol/L 3.1 ± 1.1 3.1 ± 1.1 3.4 ± 1.3 0.006

LDH, U/L 311 (202-556) 283 (199-533) 472 (235-712) <0.001

(Continued)
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FIGURE 1

The overall workflow of methodology in the present study. TyG, triglyceride-glucose.
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TyG index and the incidence of LVA in
patients who underwent primary PCI

As depicted in Figure 2A, the incidence of LVA formation

increased with the rise in TyG index (9.4% vs. 18.4%, P< 0.001).

Additionally, the LVA group exhibited a significantly higher TyG

index than the non-LVA group (9.4 ± 0.8 vs. 9.1 ± 0.8, P <

0.001) (Figure 2B).

Furthermore, subgroup analysis was performed to assess the

association between the TyG index and the incidence of LVA. The

prevalence of LVA increased with the rise in TyG index in bothmales

(8.7% vs 16.4%, P= 0.027) and females (12.3% vs 24.8%, P= 0.002),

age < 65 years (7.3% vs 15.9%, P= 0.002) and ≥ 65 years (11.9% vs

22.3%, P= 0.005), non-hypertension (6.8% vs 17.2%, P= 0.001) and

hypertension (11.7% vs 19.3%, P= 0.017), non-diabetes (9.1% vs

15.4%, P= 0.011), non-smoking (12.6% vs 19.6%, P= 0.04) and

smoking (6.3% vs 17.3%, P< 0.001), LVEF < 50% (30.5% vs 47.4%,

P= 0.011) and LVEF ≥ 50% (3.5% vs 9.2%, P= 0.002) (Figures 3A–F).

Simultaneously, the TyG index between the non-LVA and LVA

groups in these subgroups was also compared. The results revealed

that the TyG index was significantly higher in the LVA group

compared to the non-LVA group in all subgroups except for

female, patients with non-smoking and LVEF < 50% (Figures 4A–F).
Predictors of LVA formation

Logistic regression analysis was used to evaluate the predictive

value of variables for the risk for LVA formation in patients with
Frontiers in Endocrinology 05148
acute STEMI patients who underwent PCI. Twenty variables were

found to be associated with LVA formation in univariate logistic

regression analysis (Table 3). These variables included age, sex,

smoking, LVEF, DBP, heart rate, hemoglobin, AST, HbA1c, TC,

TG, LDL-C, LDH, Peak cTnI, FBG, b-blockers use, thiazide or loop
diuretic use, gensini score, LAD as the culprit vessel, and TyG index.

Subsequently, these 20 variables were included in a multivariate

logistic regression analysis, which revealed that only age (OR= 1.04,

95% CI= 1.02-1.07, P= 0.002), LVEF (OR= 0.82, 95% CI= 0.79-0.85,

P< 0.001), LDL-C (OR= 2.31, 95% CI= 1.24-4.31, P= 0.008), gensini

score (OR= 1.01, 95% CI= 1.01-1.02, P= 0.038), LAD as the culprit

vessel (OR= 4.41, 95% CI= 2.42-8.04, P< 0.001), and TyG index

(OR= 2.46, 95% CI= 1.64-3.68, P< 0.001) remained significantly

associated with the risk for LVA formation.

Additionally, the study population was randomly divided into a

training set (495 patients) and a validation set (496 patients).

Multivariate logistic regression analysis demonstrated that the

TyG index was significantly and independently associated with

the risk for LVA formation in both the training (OR= 2.33, 95% CI=

1.35-4.02, P= 0.002) and validation (OR= 2.68, 95% CI= 1.46-4.92,

P= 0.002) set (Tables 4, 5).
Prognostic analysis

During the follow-up period, a total of 41 cardiac death

occurred. The number of cardiac death in the non-LVA group,

the LVA group, the TyG< 8.98 group, and TyG≥ 8.98 group were 25

(2.9%), 16 (11.2%), 11 (2.5%), and 30 (5.4%), respectively. Cox
TABLE 1 Continued

Demographics Total population (N= 991) Non-LVA patients (N= 848) LVA patients (N= 143) P-value

Laboratory tests

Peak cTnI, ng/mL 19.3 (3.5-50) 15.1 (3.5-47.7) 26.8 (4.9-50) <0.001

FBG, mg/dl 7.1 (5.9-9.6) 7.0 (5.8-9.3) 7.7 (6.4-12.1) <0.001

TyG index 9.1 ± 0.8 9.1 ± 0.8 9.4 ± 0.8 <0.001

Medication at hospital discharge

Aspirin 1583 (100.0) 1360 (100.0) 223 (100.0) >0.999

Clopidogrel/Ticagrelor 1583 (100.0) 1360 (100.0) 223 (100.0) >0.999

Statin, n (%) 984 (99.3) 844 (99.5) 140 (97.9) 0.108

b-blockers, n (%) 715 (72.1) 622 (73.3) 93 (65.0) 0.04

ACE inhibitors or ARB, n (%) 516 (52.1) 446 (52.6) 70 (49.0) 0.42

Aldosterone receptor blockers,
n (%)

331 (33.4) 275 (32.4) 56 (39.2) 0.114

Thiazide or loop diuretic, n (%) 370 (37.3) 306 (36.1) 64 (44.8) 0.047

Coronary artery disease

Gensini Score 71 (46-92) 66 (44-90) 88 (67-104) <0.001

Culprit vessel-LAD, n (%) 492 (49.6) 380 (44.8) 112 (78.3) <0.001
fr
LVEF, center ventricular ejection fraction; SBP, Systolic pressure; DBP, Diastolic pressure; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; HbA1c, glycated hemoglobin; Cr,
Creatinine; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; LDH, Lactate dehydrogenase; FBG, fasting blood
glucose; TyG, triglyceride-glucose; ACE, Angiotensin converting enzyme; ARB, angiotensin receptor blocker; LAD, center anterior descending artery.
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proportional hazard regression analysis indicated that patients with

LVA had an increased cardiac death risk compared to those without

LVA (HR= 3.94, 95% CI= 2.11-7.39; P < 0.001) (Table 6, Figure 5A).

Furthermore, patients with TyG≥ 8.98 was associated with worse

prognosis compared to those with TyG< 8.98 (HR= 2.17, 95% CI=

1.09-4.33; P= 0.04) (Table 6, Figure 5B). These statistical

significances remained even after adjustments for sex, age,

hypertension, diabetes, smoking state, and b‐blocker use (Table 6).
Association between TyG index and clinical
parameters of LVA

The study aimed to investigate the relationship between the

TyG index and the size of LVA by comparing the maximal length

and width of LVA in patients with TyG< 8.98 and TyG≥ 8.98. Both

maximal length and width were significantly greater in patients with

TyG ≥ 8.98 compared to those with TyG < 8.98 (maximal length,

3.04 ± 0.96 vs. 3.55 ± 1.15; maximal width, 1.89 ± 0.70 vs. 2.34 ±

0.86) (Figures 6A, B).
ROC curve analysis

ROC curve analysis was used to assess and compare the

predictive abilities of TG, FBG, TyG index, and the composite

variable (TyG index combined with LVEF and LAD as the culprit

vessel). As shown in Figure 7A and Table 7, the average area under

the ROC curve (AUC) for TG, FBG, TyG index, and the composite

variable were 0.666 (95% CI = 0.641 - 0.690), 0.613 (95% CI = 0.587

- 0.638), 0.742 (95% CI= 0.719 - 0.764), and 0.908 (95% CI = 0.892 -

0.922), respectively. Furthermore, the TyG index demonstrated

significantly higher AUCs for predicting the risk for LVA
TABLE 2 Comparison of the baseline characteristics and laboratory
findings grouped by TyG index.

Demographics
TyG< 8.98
(N= 436)

TyG≥ 8.98
(N= 555)

P-value

Age, years 63.0 ± 11.7 59.6 ± 13.5 <0.001

Male, n (%) 355 (81.4) 422 (76.0) 0.041

Hypertension, n (%) 231 (53.0) 322 (58.0) 0.113

Diabetes, n (%) 62 (14.2) 237 (42.7) <0.001

Smoking, n (%) 221 (50.7) 300 (54.1) 0.292

LVEF, % 56 (50-60) 56 (50-60) 0.669

SBP, mmHg 126.6 ± 18.5 131.4 ± 22.3 <0.001

DBP, mmHg 78.7 ± 12.9 82.4 ± 15.0 <0.001

Heart rate, beats/min 82.4 ± 17.0 84.0 ± 15.0 0.138

Laboratory tests

White blood cell count,
109/L

9.6 (7.6-12.0) 9.9 (7.8-12.0) 0.397

Red blood cell count,
109/L

4.4 ± 0.6 4.6 ± 0.7 <0.001

Neutrophil count,
109/L

7.7 (5.5-10.0) 7.4 (5.8-9.2) 0.267

Platelet count, 109/L 219.1 ± 69.6 227.1 ± 67.5 0.068

Hemoglobin, g/L 135.4 ± 18.5 140.4 ± 21.5 <0.001

ALT, U/L 27.2 (15.8-46) 27.3 (18.8-49.9) 0.14

AST, U/L 68.5 (25.9-183.9) 50.4 (24.1-136.5) <0.001

HbA1c, % 5.8 (5.5-6.2) 6.3 (5.8-7.9) <0.001

Cr, umol/L 72 (61.8-88.8) 72.4 (62.2-86.4) 0.973

TC, mmol/L 4.3 ± 1.1 5.1 ± 1.3 <0.001

TG, mmol/L 0.9 (0.7-1.2) 2.0 (1.5-2.9) <0.001

HDL-C, mmol/L 1.1 ± 0.3 1.0 ± 0.3 <0.001

LDL-C, mmol/L 2.9 ± 1.0 3.3 ± 1.2 <0.001

LDH, U/L 331 (207-592) 284 (197-532) 0.116

Peak cTnI, ng/mL 23.5 (4.9-50) 12.7 (2.5-50) 0.005

FBG, mmol/L 6.2 (5.5-7.3) 8.2 (6.7-11.6) <0.001

TyG index 8.4 ± 0.5 9.6 ± 0.6 <0.001

LVA, % 41 (9.4) 102 (18.4) <0.001

Medication at hospital discharge

Aspirin 1262 (100.0) 321 (100.0) >0.999

Clopidogrel/Ticagrelor 1262 (100.0) 321 (100.0) >0.999

Statin, n (%) 434 (99.5) 550 (99.1) 0.658

b-blockers, n (%) 311 (71.3) 404 (72.8) 0.61

ACE inhibitors or
ARB, n (%)

237 (54.4) 279 (50.3) 0.201

(Continued)
TABLE 2 Continued

Demographics
TyG< 8.98
(N= 436)

TyG≥ 8.98
(N= 555)

P-value

Medication at hospital discharge

Aldosterone receptor
blockers, n (%)

137 (31.4) 194 (35.0) 0.242

Thiazide or loop
diuretic, n (%)

156 (35.8) 214 (38.6) 0.369

Coronary artery disease

Gensini Score 69 (46-93) 71 (47-92) 0.859

Culprit vessel-LAD,
n (%)

216 (49.5) 276 (49.7) 0.953
fro
LVEF, center ventricular ejection fraction; SBP, Systolic pressure; DBP, Diastolic pressure;
ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; HbA1c, glycated
hemoglobin; Cr, Creatinine; TC, total cholesterol; TG, triglyceride; HDL-C, high-density
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; LDH, Lactate
dehydrogenase; FBG, fasting blood glucose; TyG, triglyceride-glucose; LVA, center
ventricular aneurysm; ACE, Angiotensin converting enzyme; ARB, angiotensin receptor
blocker; LAD, center anterior descending artery.
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formation compared with TG (P < 0.001) and FBG (P < 0.001).

Additionally, the composite variable exhibited the highest

predictive value (P < 0.001). To avoid overfitting, cross-validation

was conducted by randomly dividing the population into the

training and the validation sets. As shown in Figure 6B, C and

Table 6, the TyG index displayed superior discriminative power

compared with both TG and FBG in both the training and

validation sets (training set: P= 0.041 for TyG index vs. TG; P <

0.001 for TyG index vs. FBG; validation set: P= 0.002 for TyG index

vs. TG; P < 0.001 for TyG index vs. FBG). Clearly, the composite

variable demonstrated the highest predictive value in both the

training and validation sets.

Additionally, we evaluated the predictive capabilities of LDH, LDL-

C, and the TyG index concerning the risk of LVA formation. As

illustrated in Supplementary Table 1, the TyG index exhibited superior

predictive performance compared to both LDH (P < 0.001) and LDL-C

(P < 0.001) in assessing the risk of LVA formation. Furthermore, the

TyG index could improve the discriminatory capability of the

composite of LVEF and LAD as a culprit vessel for identifying the

development of LVA (Supplementary Table 2) (P< 0.001).
Subgroup analyses

Additional analyses were performed on several subgroups to

evaluate the independent predictive value of the TyG index for LVA

formation. The independent predictive effect of the TyG index on

LVA formation was primarily represented in the subgroups of age<

65 and ≥65 years, male and female, with and without hypertension,

without diabetes, with and without smoking, LVEF< 50% and

LVEF≥ 50%, HbA1c≥ 6%, hemoglobin< 120g/L and ≥ 120g/L,

LDL-C< 3.37mmol/L, TG <1.7mmol/L and ≥1.7 mmol/L, FBG

<6.1 mmol/L and ≥6.1 mmol/L (Figure 8). The association

between the TyG index and LVA formation showed no
Frontiers in Endocrinology 07150
statistically significance in subgroup analysis of patients with

diabetes, HbA1c< 6%, and LDL-C≥3.37mmol/L.
Discussion

In the present study, we investigated the predictive value of TyG

index for LVA formation and prognosis in patients with STEMI.

The results indicated that a higher TyG index independently

predicted LVA formation. The predictive value remained

significant in both the training and validation sets. Besides, higher

TyG index was correlated with increased cardiac death risk. Among

patients with LVA, those with a TyG index≥ 8.98 exhibited

significantly larger maximal length and width compared to those

with a TyG index < 8.98. The relationship between the TyG index

and LVA formation was generally consistent across subgroups,

except for patients with diabetes, HbA1c< 6%, and LDL≥3.37mmol/

L. Additionally, the TyG index exhibited greater predictive power

for LVA formation than both TG and FBG. However, the composite

variable exhibited the best predictive value.

As a hallmark of type 2 diabetes mellitus, insulin resistance (IR)

refers to a state of reduced sensitivity and responsiveness to the

action of insulin (17). Multiply studies have demonstrated that IR

was associated with the progression of cardiovascular diseases and

could predict cardiovascular outcomes (18–21). The euglycemic

insulin clamp and intravenous glucose tolerance testing are the

gold standards for IR (22). However, they are not suitable for

clinical practice due to invasiveness and high cost. Currently, the

homeostasis model assessment-estimated insulin resistance

(HOMA-IR) index is widely used for assessing b-cell function and

IR. Nevertheless, its complexity and time-consuming nature limit its

application in practical clinical settings and large-scale studies (23).

The TyG index has emerged as a reliable marker of IR and has

been shown to be superior to HOMA-IR in assessing metabolic
FIGURE 2

The association between the TyG index and the prevalence of LVA (A) and comparison of the TyG index level between the LVA and non-LVA groups
(B). TyG, triglyceride-glucose; LVA, left ventricular aneurysm; * P<0.05.
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FIGURE 3

The impact of the TyG index on the prevalence of LVA across subgroups of gender (A), age (B), HBP status (C), DM status (D), current smoking status
(E), and LVEF (F). TyG, triglyceride-glucose; LVA, left ventricular aneurysm; HBP, hypertension; DM, diabetes mellitus; LVEF, left ventricular
ejection fraction.
FIGURE 4

Comparison of the TyG index between non-LVA and LVA groups in the subgroups of gender (A), age (B), HBP status (C), DM status (D), current
smoking status (E), and LVEF (F). TyG, triglyceride-glucose; LVA, left ventricular aneurysm; HBP, hypertension; DM, diabetes mellitus; LVEF, left
ventricular ejection fraction.
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syndrome (24, 25). TyG is a simple, convenient and low-cost clinical

index that can easily be obtained for large-scale study. Numerous

studies have demonstrated the association between TyG index and

the cardiovascular diseases (8, 11, 26, 27). In a prospective study
Frontiers in Endocrinology 09152
including 1574 patients with acute coronary syndrome (ACS), Zhu

et al. found that an elevated TyG index was independently and

positively associated with in-stent restenosis after drug-eluting stent

(28). A study by Wang et al. investigated 2531 consecutive patients
TABLE 3 Effects of variables on center ventricular aneurysm formation after ST-segment elevation myocardial infarction.

Demographics
Univariate logistic regression analysis Multivariate logistic regression analysis

OR 95% CI P-value OR 95% CI P-value

Age, years 1.04 1.03-1.06 <0.001 1.04 1.02-1.07 0.002

Male, n (%) 1.77 1.20-2.63 0.004

Hypertension, n (%) 1.36 0.95-1.96 0.095

Diabetes, n (%) 1.29 0.89-1.88 0.178

Smoking, n (%) 0.63 0.44-0.90 0.011

LVEF, % 0.82 0.80-0.85 <0.001 0.82 0.79-0.85 <0.001

SBP, mmHg 1.00 0.99-1.01 0.806

DBP, mmHg 1.02 1.01-1.03 0.005

Heart rate, beats/min 1.03 1.02-1.04 <0.001

White blood cell count, 109/L 1.03 0.98-1.08 0.256

Red blood cell count, 109/L 0.82 0.62-1.07 0.143

Neutrophil count, 109/L 1.04 0.99-1.10 0.116

Platelet count, 109/L 1.00 1.00-1.00 0.222

Hemoglobin, g/L 0.99 0.98-1.00 0.005

ALT, U/L 1.00 1.00-1.01 0.721

AST, U/L 1.00 1.00-1.00 0.028

HbA1c, % 1.17 1.07-1.29 <0.001

Cr, umol/L 1.00 0.99-1.00 0.227

TC, mmol/L 1.15 1.00-1.31 0.044

TG, mmol/L 0.73 0.61-0.88 <0.001

HDL-C, mmol/L 1.17 0.61-2.24 0.632

LDL-C, mmol/L 1.21 1.06-1.39 0.006 2.31 1.24-4.31 0.008

LDH, U/L 1.00 1.00-1.00 <0.001

Peak cTnI, ng/mL 1.02 1.01-1.02 <0.001

FBG, mmol/L 1.06 1.02-1.10 0.002

TyG index 2.17 1.47-3.19 <0.001 2.46 1.64-3.68 <0.001

Statin, n (%) 0.22 0.05-1.00 0.05

b-blockers, n (%) 0.68 0.46-0.98 0.041

ACE inhibitors or ARB, n (%) 0.86 0.61-1.23 0.42

Aldosterone receptor blockers, n (%) 1.34 0.93-1.93 0.115

Thiazide or loop diuretic, n (%) 1.44 1.00-2.05 0.048

Gensini Score 1.01 1.01-1.02 <0.001 1.01 1.01-1.02 0.038

Culprit vessel-LAD, n (%) 4.45 2.92-6.77 <0.001 4.41 2.42-8.04 <0.001
LVEF, center ventricular ejection fraction; SBP, Systolic pressure; DBP, Diastolic pressure; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; HbA1c, glycated hemoglobin; Cr,
Creatinine; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; LDH, Lactate dehydrogenase; FBG, fasting blood
glucose; TyG, triglyceride-glucose; ACE, Angiotensin converting enzyme; ARB, angiotensin receptor blocker; LAD, center anterior descending artery.
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with diabetes who underwent coronary angiography for ACS and

demonstrated TyG index to be an independent predictor for the

major adverse cardiovascular events (10). Furthermore, a higher TyG

index was found associated with the presence of a higher coronary
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anatomical complexity in ACS patients (29). However, no study has

investigated the association among the TyG index, LVA formation,

and the prognosis of patients with STEMI. In the present study, we

demonstrated for the first time that TyG index≥ 8.98 was significantly
TABLE 4 Effects of variables on center ventricular aneurysm formation after ST-segment elevation myocardial infarction in the training set.

Demographics
Univariate logistic regression analysis Multivariate logistic regression analysis

OR 95% CI P-value OR 95% CI P-value

Age, years 1.05 1.03-1.07 <0.001 1.05 1.02-1.09 0.003

Male, n (%) 1.46 0.83-2.57 0.185

Hypertension, n (%) 1.88 1.13-3.13 0.016

Diabetes, n (%) 1.30 0.79-2.14 0.3

Smoking, n (%) 0.64 0.40-1.04 0.074

LVEF, % 0.82 0.79-0.86 <0.001 0.84 0.80-0.88 <0.001

SBP, mmHg 1.01 1.00-1.02 0.198

DBP, mmHg 1.02 1.01-1.04 0.006 1.03 1.00-1.06 0.026

Heart rate, beats/min 1.02 1.01-1.04 0.001

White blood cell count, 109/L 1.03 0.97-1.10 0.369

Red blood cell count, 109/L 0.82 0.58-1.17 0.282

Neutrophil count, 109/L 1.05 0.98-1.12 0.161

Platelet count, 109/L 1.00 1.00-1.00 0.965

Hemoglobin, g/L 0.99 0.98-1.00 0.014

ALT, U/L 1.00 0.99-1.00 0.251

AST, U/L 1.00 1.00-1.00 0.348

HbA1c, % 1.14 1.01-1.29 0.03

Cr, umol/L 1.00 1.00-1.01 0.31

TC, mmol/L 1.13 0.93-1.36 0.22

TG, mmol/L 0.60 0.44-0.80 0.001

HDL-C, mmol/L 1.35 0.56-3.23 0.503

LDL-C, mmol/L 1.26 1.04-1.53 0.021

LDH, U/L 1.00 1.00-1.00 0.06

Peak cTnI, ng/mL 1.02 1.01-1.03 0.001

FBG, mmol/L 1.02 0.96-1.09 0.446

TyG index 2.03 1.21-3.40 0.007 2.33 1.35-4.02 0.002

Statin, n (%) 0.58 0.06-5.60 0.634

b-blockers, n (%) 0.66 0.40-1.09 0.104

ACE inhibitors or ARB, n (%) 0.81 0.50-1.31 0.388

Aldosterone receptor blockers, n (%) 1.28 0.77-2.11 0.342

Thiazide or loop diuretic, n (%) 1.58 0.98-2.56 0.062

Gensini Score 1.01 1.01-1.02 <0.001

Culprit vessel-LAD, n (%) 3.84 2.23-6.60 <0.001 3.41 1.58-7.39 0.002
LVEF, center ventricular ejection fraction; SBP, Systolic pressure; DBP, Diastolic pressure; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; HbA1c, glycated hemoglobin; Cr,
Creatinine; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; LDH, Lactate dehydrogenase; FBG, fasting blood
glucose; TyG, triglyceride-glucose; ACE, Angiotensin converting enzyme; ARB, angiotensin receptor blocker; LAD, center anterior descending artery.
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associated with increased LVA formation and cardiac death risk

compared to TyG index < 8.98. Importantly, the risk for LVA

formation in patients with TyG index≥ 8.98 exceeded 2-fold

compared to those with TyG index< 8.98.
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As a common and severe complication of AMI, LVA is

characterized by the outward expansion of the infarcted

myocardium during systole and diastole (30). Recently, the

incidence of LVA after acute STEMI has decreased from 10-30%
TABLE 5 Effects of variables on center ventricular aneurysm formation after ST-segment elevation myocardial infarction in the validation set.

Demographics
Univariate logistic regression analysis Multivariate logistic regression analysis

OR 95% CI P-value OR 95% CI P-value

Age, years 1.03 1.01-1.06 0.006

Male, n (%) 2.25 1.29-3.93 0.004

Hypertension, n (%) 0.94 0.56-1.60 0.83

Diabetes, n (%) 1.24 0.70-2.20 0.458

Smoking, n (%) 0.60 0.35-1.03 0.065

LVEF, % 0.82 0.78-0.86 <0.001 0.81 0.76-0.86 <0.001

SBP, mmHg 0.99 0.98-1.00 0.091

DBP, mmHg 1.01 0.99-1.03 0.248

Heart rate, beats/min 1.03 1.01-1.05 0.001

White blood cell count, 109/L 1.03 0.95-1.11 0.494

Red blood cell count, 109/L 0.78 0.51-1.19 0.255

Neutrophil count, 109/L 1.03 0.95-1.12 0.453

Platelet count, 109/L 1.00 0.99-1.00 0.066

Hemoglobin, g/L 0.99 0.98-1.00 0.123

ALT, U/L 1.00 1.00-1.01 0.116

AST, U/L 1.00 1.00-1.00 0.027

HbA1c, % 1.21 1.04-1.41 0.012

Cr, umol/L 1.00 1.00-1.01 0.56

TC, mmol/L 1.18 0.98-1.42 0.078

TG, mmol/L 0.87 0.70-1.09 0.216

HDL-C, mmol/L 1.00 0.38-2.65 0.996

LDL-C, mmol/L 1.19 0.97-1.45 0.093

LDH, U/L 1.00 1.00-1.00 0.001

Peak cTnI, ng/mL 1.02 1.00-1.03 0.007

FBG, mmol/L 1.10 1.04-1.15 <0.001

TyG index 2.37 1.32-4.26 0.004 2.68 1.46-4.92 0.002

Statin, n (%) 0.07 0.01-0.79 0.031

b-blockers, n (%) 0.71 0.40-1.24 0.228

ACE inhibitors or ARB, n (%) 0.94 0.55-1.59 0.809

Aldosterone receptor blockers, n (%) 1.46 0.85-2.50 0.168

Thiazide or loop diuretic, n (%) 1.26 0.74-2.16 0.400

Gensini Score 1.01 1.01-1.02 0.001

Culprit vessel-LAD, n (%) 5.61 2.85-11.05 <0.001 8.3 3.07-22.46 <0.001
LVEF, center ventricular ejection fraction; SBP, Systolic pressure; DBP, Diastolic pressure; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; HbA1c, glycated hemoglobin; Cr,
Creatinine; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; LDH, Lactate dehydrogenase; FBG, fasting blood
glucose; TyG, triglyceride-glucose; ACE, Angiotensin converting enzyme; ARB, angiotensin receptor blocker; LAD, center anterior descending artery.
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FIGURE 6

Comparison of the maximal length (A) and width (B) of LVA between patients grouped by TyG index. TyG, triglyceride-glucose; *P<0.05.
FIGURE 5

Prognosis analysis using Cox proportional hazard regression models. (A) patients with LVA was associated with poorer prognosis compared to those
without LVA. (B), patients with TyG≥ 8.98 showed increased cardiac death risk compared to those with TyG< 8.98. TyG, triglyceride-glucose; LVA,
left ventricular aneurysm.
TABLE 6 Prognosis analysis using cox proportional hazard regression model.

Model
Non-LVA vs. LVA TyG< 8.98 vs. TyG≥ 8.98

HR (95% CI) P-value HR (95% CI) P-value

Unadjusted 3.94 (2.11-7.39) <0.001 2.17 (1.09-4.33) 0.04

Adjusted 3.16 (1.67-5.98) <0.001 2.39 (1.09-5.23) 0.03
F
rontiers in Endocrinology
 12155
Hazard Ratio (HR) and 95% confidence intervals (95% CI) were obtained by cox proportional hazard regression, without and with adjustment for sex, age, hypertension,diabetes, smoking status
and b-blocker use. LVA, center ventricular aneurysm.
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to 8-15% due to advancements in the treatment for AMI (16). In our

study, the incidence of LVA in acute STEMI patients who underwent

primary PCI was approximately 14.4%, which aligns with previous

reports (3, 5). In fact, numerous studies have aimed to identify

predictors for LVA after AMI. Feng et al. found that single-vessel

disease, decreased GFR and abnormal ferritin could independently

predict the LVA formation (31). In a retrospective study involving

1823 STEMI patients, Zhang et al. found that female sex, peak NT-

pro BNP, the time between the onset of pain and balloon time,

presence of QS-waves on initial electrocardiogram were the

independent predictors of early-onset LVA (32). In a prospective

cohort study including 1519 patients with STEMI, Savas et al. found

that plasma N- Terminal pro B type natriuretic peptide level at

admission, among other variables, provided valuable predictive
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information regarding the development of LVA (16). Additionally,

a cohort study by Zhang et al. identified the blood urea nitrogen-to-

albumin ratio as an independent predictor for LVA formation in

STEMI patients with primary PCI (33). However, disagreement

persists concerning these risk factors among different cohort

studies. Moreover, these studies primarily focused on single

variables, most of which had only modest or small effects on LVA

prediction. In the present study, we introduced the TyG index, for

the first time, to predict LVA formation in patients with STEMI.

The OR for LVA formation in patients with TyG index≥ 8.98

reached up to 2.46. Patients with a TyG index ≥ 8.98 exhibited a

significant increase in maximal length and width compared to those

with a TyG index < 8.98, which demonstrated the critical predictive

role of TyG index in myocardial injury. In addition, LVEF was also

identified as the independent predictor for LVA formation, which is

consistent with the previous study (5). Furthermore, the TyG index

proved to be a more potent predictor for LVA formation than both

TG and FBG, with the composite variable yielding the highest

predictive value.

The precise mechanisms underlying the relationship between

the TyG index and LVA formation remain incompletely elucidated.

Firstly, the TyG index exhibits positive correlations with TC, LDL-

C, and C-reactive protein, while showing a negative correlation with

HDL-C. This suggests that the presence of cardiometabolic risk

factors may partially account for this association. Secondly, the TyG

index serves as a reliable indicator of insulin resistance (IR). Prior

research has indicated that IR can lead to inflammation, oxidative

stress, and cardiomyocyte apoptosis (34, 35), potentially elevating

the risk of LVA. Thirdly, an elevated TyG index has been associated

with increased arterial stiffness and coronary artery calcification

(13, 36), which may represent another significant mechanism.

The association between the TyG index and LVA formation was

not observed in patients with diabetes, those with HbA1c HbA1c<

6%, or those with LDL-C≥ 3.37mmol/L. The limited sample size of

diabetic patients (N=299) may account for the lack of significant

association between the TyG index and LVA. Patients with HbA1c

< 6% demonstrated a lower incidence of LVA compared to those

with HbA1c ≥ 6% (11.2% vs. 17.3%, P<0.001), potentially

diminishing the impact of the TyG index on LVA risk in this
TABLE 7 Analysis of the ROC curve for predictive power of center
ventricular aneurysm formation.

Cohort Variables AUC SE 95% CI

Whole cohort

FBG 0.613 0.022 0.587 - 0.638

TG 0.666 0.02 0.641 - 0.690

TyG index 0.742 0.019 0.719 - 0.764

Composite
variable

0.908 0.008 0.892 - 0.922

Training set

FBG 0.632 0.028 0.596 - 0.668

TG 0.693 0.026 0.658 - 0.727

TyG index 0.748 0.027 0.715 - 0.779

Composite
variable

0.925 0.011 0.903 - 0.943

Validation set

FBG 0.602 0.034 0.565 - 0.638

TG 0.645 0.031 0.608 - 0.680

TyG index 0.73 0.028 0.696 - 0.763

Composite
variable

0.928 0.01 0.906 - 0.946
ROC, receiver operating characteristic; FBG, fasting blood glucose; TG, triglyceride; TyG,
triglyceride-glucose; AUC, area under curve; SE, standard error; CI, Confidence interval.
FIGURE 7

Receiver-operating characteristic curves for prediction of LVA formation in the whole cohort (A), the training set (B), and the validation set (C). AUC,
area under the curve; TyG, triglyceride-glucose; FBG, fasting blood glucose; TG, triglyceride.
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subgroup. Additionally, the number of patients with LDL-C≥

3.37mmol/L was significantly smaller than those with LDL-C<

3.37mmol/L. Furthermore, patients with LDL-C≥ 3.37mmol/L

were younger than those with lower LDL-C levels (59.7 ± 13.3 vs.

61.9 ± 12.5, P=0.01) in our study. These factors collectively

attenuate the relationship between the TyG index and LVA.

The primary strength of the present study is its novelty as the

first investigation addressing the relationship between TyG index

and the risk for LVA formation in patients with acute STEMI who

underwent primary PCI. However, several limitations should be

noted. First, our study failed to compare the predictive values of

HOMA-IR and the TyG index due to the lack of routine insulin

level measurements in these patients. Second, despite the large

sample size in this study, our focus was solely on baseline serum

TG and FBG levels, neglecting the dynamic changes in the TyG

index, which could have provided valuable insight into the
Frontiers in Endocrinology 14157
underlying mechanism. Third, the nature of observational study

prevented the establishment of a causal association between the

TyG index and LVA formation. Additionally, unmeasured or

residual confounding effects may have impacted our findings.

Finally, while our results indicated a significant association

between the TyG index and the risk for LVA formation, its

practical clinical application value requires confirmation in

future prospective studies.
Conclusions

In conclusion, our study demonstrated that the TyG index was

significantly associated with increased risk of LVA formation and

cardiac death in patients with acute STEMI who underwent primary

PCI. Additionally, the TyG index alone demonstrated excellent
FIGURE 8

Forest plots for subgroup analysis of the relationship between TyG index and the risk for LVA formation. TyG, triglyceride-glucose; LVA, left
ventricular aneurysm; LVEF, left ventricular ejection fraction; LDL-C, low-density lipoprotein cholesterol; TG, triglyceride; FBG, fasting blood glucose;
OR, Odds Ratio.
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discriminatory ability for LVA formation, and the composite

variable including the TyG index, LVEF, and LAD as the culprit

vessel significantly improved the discriminatory power. Our

findings suggest the potential use of the TyG index in clinical

practice as a preferable predictor for LVA formation in patients

with acute STEMI who underwent primary PCI.
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Impaired sensitivity to thyroid
hormones is positively
associated to metabolic
syndrome severity in euthyroid
Chinese adults as revealed
by a cross-sectional study
Xiong Zhou, Ye Zhang* and Zengyao Li*

Department of Minimally Invasive Laparoscopy, The Affiliated Wuxi People’s Hospital of Nanjing
Medical University, Wuxi People’s Hospital, Wuxi Medical Center, Nanjing Medical University,
Wuxi, China
Objective: Thyroid hormones (THs) play a pivotal role in regulating metabolism,

and their sensitivity may influence the risk of metabolic syndrome (MetS). This

study aimed to investigate the association of impaired sensitivity to THs with

MetS and MetS severity score (MetSSS) in Chinese euthyroid adults.

Methods: A cross-sectional analysis was conducted involving 17,272 health

check-up participants. THs sensitivity indices, including Thyroid Feedback

Quantile-Based Index (TFQI), Parametric Thyroid Feedback Quantile-Based

Index (PTFQI), TSH Index (TSHI), Thyrotropin Thyroxine Resistance Index

(TT4RI), and free triiodothyronine/free thyroxine (FT3/FT4) ratio were assessed.

Multivariable regression and restricted spline cubic analyses were conducted to

explore the association between THs sensitivity indices and MetS and MetSSS.

Subgroup analysis was also performed to examine this association stratified by

sex and age.

Results: Multivariable logistic regression analysis indicated that MetS risk was

positively associated with all impaired THs sensitivity indices (per SD increase)

(TFQI: OR=1.20, 95%CI: 1.15-1.25); PTFQI: OR=1.28, 95%CI: 1.23-1.33; TSHI:

OR=1.35, 95%CI: 1.29-1.42; TT4RI: OR=1.57, 95%CI: 1.47-1.67; FT3/FT4:

OR=1.17, 95%CI: 1.12-1.23)(all P-value<0.001). After adjusting for confounders,

compared with the lowest group of MetSSS, individuals in the highest group of

MetSSS were positively associated with all impaired THs sensitivity indices (per SD

increase) (TFQI: OR=1.16, 95%CI: 1.07-1.21 PTFQI: OR=1.12, 95%CI: 1.06-1.17;

TSHI: OR=1.13, 95%CI: 1.06-1.19; TT4RI: OR=1.25, 95%CI: 1.15-1.35; FT3/FT4:

OR=1.82, 95%CI: 1.72-1.93). Nonlinear associations were found between THs

sensitivity indicators and MetS (P for non-linear<0.001). Subgroup analysis

indicated that all thyroid hormones sensitivity indices were positively

associated with MetS by gender (male/female) and age (<60 years/≥60 years).
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Conclusion: Impaired sensitivity to THs is associated with an increased risk of

MetS and MetSSS in Chinese euthyroid adults. Future research should consider

thyroid hormones sensitivity indices in the assessment of MetS risk.
KEYWORDS

thyroid hormones sensitivity, metabolic syndrome, severity, euthyroid, Chinese adults
Introduction

Metabolic syndrome (MetS) is a complex metabolic disorder

characterized by the presence of central obesity, high blood sugar

levels, abnormal lipid levels, and high blood pressure (1). Central

obesity, with excess visceral fat, affects insulin sensitivity and

vascular health. Elevated blood sugar indicates insulin resistance,

leading to atherosclerosis and microvascular damage. Dyslipidemia

increases plaque formation risk, while hypertension, tied to insulin

resistance and obesity, worsens vascular issues. Collectively, these

components boost the risk of cardiovascular diseases and type 2

diabetes (2). The prevalence of MetS has become a major global

health concern, with the International Diabetes Federation

estimating that one in four people worldwide are affected (2, 3).

In China, the situation is equally troubling, as there has been a

noticeable rise in the prevalence of MetS in recent years,

highlighting the need for further research in this area (4).

Thyroid hormones (THs) are crucial for regulating

development, metabolism, homeostasis in multiple organ systems

and various physiological functions including energy balance. The

two primary thyroid hormones are thyroxine (T4) and

triiodothyronine (T3). T4, mainly secreted by the thyroid, acts as

a prohormone, while T3, generated via tissue-specific deiodination

of T4, is the biologically active form that binds to nuclear thyroid

hormone receptors (TRs) to regulate gene transcription (genomic

effects) (5).

Emerging evidence highlights the significance of thyroid

hormone metabolites, which were once considered inactive

byproducts. These metabolites include reverse T3 (rT3),

tetraiodothyroacetic acid (Tetrac), triiodothyroacetic acid (Triac),

diiodothyronines (e.g., 3,5-T2 and 3,3’-T2), and thyronamines (e.g.,

3-T1AM). They exhibit distinct biological activities, particularly

through non-genomic pathways. For example, 3,5-T2 modulates

mitochondrial energy expenditure and lipid metabolism, while 3-

T1AM influences thermoregulation and neuronal signaling. These

metabolites often function independently of classical TR-mediated

mechanisms, playing roles in fine-tuning physiological processes

such as metabolic rate, cardiovascular function, and central nervous

system activity (6). Both hypothyroidism and hyperthyroidism can

result in insulin resistance and have a detrimental impact on glucose

and lipid metabolism, thereby being associated with the

development of MetS (7, 8). Understanding the diversity and

functional interplay of thyroid hormones and their metabolites is
02161
essential for elucidating their contributions to health and disease,

particularly in metabolic disorders where traditional TH signaling

may be dysregulated.

The study’s biochemical basis is the complex link between

thyroid hormones and metabolism. Thyroid hormones are key to

energy balance, glucose and lipid metabolism, and cardiovascular

function, with both genomic and non-genomic effects (9).

Genomically, they bind to nuclear receptors, affecting genes

related to glucose and lipid metabolism, which impacts insulin

sensitivity and lipid profiles (10). For example, they boost insulin

secretion and receptor expression. Non-genomically, thyroid

hormones interact with cell membranes and cytoplasmic proteins,

rapidly modulating ion channels and enzymes involved in energy

and glucose metabolism (11). They also stimulate mitochondrial

biogenesis and uncoupling proteins, influencing energy use and

lipid oxidation. Moreover, thyroid hormones interact with other

hormones like insulin and adrenaline, affecting metabolic

regulation. The hypothalamus-pituitary-thyroid feedback loop

controls thyroid hormone levels, and its disruption can cause

metabolic issues (12).

Previous research has shown conflicting results when it comes

to the relationship between thyroid function and MetS. Some

studies have suggested a connection between normal levels of

thyroid-stimulating hormone (TSH) and the presence of MetS

(13, 14). while others have not found any association or have

pointed to FT4 instead (15, 16). These discrepancies could be due

to differences in study populations, methodologies, and the failure

to consider potential confounding factors like gender, which has

been shown to impact the prevalence of MetS components and their

correlation with THs (17–19). Additionally, simply measuring TSH,

FT3, and FT4 levels in individuals with normal thyroid function

may not be enough to accurately assess thyroid function status. It is

important to recognize that thyroid hormone balance may not be

stable even if these markers fall within the normal range.

Recently, there has been a growing interest in the idea that

reduced sensitivity to THs in the general population could play a

role in metabolic disorders (20). This concept of THs sensitivity

considers both FT4 and TSH levels. In cases of THs resistance

syndrome, elevated levels of both FT4 and TSH are present,

indicating issues with energy regulation. Normally, there is a

negative correlation between THs and TSH due to the feedback

loop of the hypothalamic-pituitary-thyroid axis (21, 22). However,

individuals with mild resistance to THs may have high levels of both
frontiersin.org
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hormones. Researchers have developed various indices, such as the

thyroid feedback quantile-based index (TFQI), parametric thyroid

feedback quantile-based index (PTFQI) (20), thyrotrophic

thyroxine resistance index (TT4RI) (23), and thyroid-stimulating

hormone index (TSHI) (24), to quantify the relationship between

thyroid function and metabolic factors. These indices help to clarify

conflicting findings regarding the link between THs and MetS.

Previous studies have demonstrated a direct link between

sensitivity to THs and certain health issues like prediabetes,

decreased kidney function, and higher risk of cardiovascular

disease (25–27). Yet, there has been a lack of investigation into

the relationship between THs sensitivity and MetS in individuals

with normal thyroid function. This cross-sectional study seeks to

investigate the link between sensitivity to THs and MetS, as well as

its severity score, in a sizable group of Chinese euthyroid adults.

Through the evaluation of various THs sensitivity indices, we aim to

gain a more detailed understanding of the association between

sensitivity to THs andMetS in euthyroid Chinese adults. The results

could shed light on potential risk factors for MetS and aid in the

creation of personalized prevention and treatment plans for

Chinese adults.
Materials and methods

Study population and design

The study included adults over 18 years old who had undergone

annual health examinations at the health check-up center of

People’s Hospital in Wuxi city, affiliated with Nanjing Medical

University. Initially, a total of 25,360 individuals were part of this

retrospective study. Participants were excluded if they had

incomplete medical information, lacked blood parameters for

thyroid function tests, had a history of thyroid surgery or were

taking thyroid medication, were not euthyroid, or had oncology,

severe liver, or kidney dysfunction. After excluding these

individuals, the study included 17,272 participants, comprising

10,442 males and 6,830 females aged 18 to 89 years. This

retrospective study was approved by the Health Examination

Center of People’s Hospital in Wuxi city (approval number: not

applicable), affiliated with Nanjing Medical University, following

the principles of the Declaration of Helsinki. Patient data was

anonymized to ensure confidentiality, and statistical analysis was

conducted securely for scientific research purposes. Therefore,

informed consent was waived.
Data collection

We used a standard questionnaire to gather information on

participants’ age, gender, and use of cigarettes and alcohol. Smoking

was defined as consuming three or more cigarettes daily for a year,

while alcohol consumption was defined as drinking at least three

times a week for twelve months. Participants provided fasting

venous blood samples after a 12-hour overnight fast. Levels of
Frontiers in Endocrinology 03162
fasting plasma glucose (FPG), triglycerides (TG), total cholesterol

(TC), high-density lipoprotein cholesterol (HDL-C), low-density

lipoprotein cholesterol (LDL-C), neutrophils (NE), and

lymphocytes (LY) were measured using an automatic hematology

analyzer. The neutrophil to lymphocyte ratio (NLR) was calculated.

Strict quality control procedures were followed in the laboratory.

In addition, we gathered information on individuals’ health,

such as whether they had been previously diagnosed with

hypertension or diabetes, and if they were currently taking any

medications. Diabetes was defined as having fasting blood glucose

levels of 7.0 mmol/L or higher, being prescribed insulin or oral

hypoglycemic agents, or self-reporting a history of the condition

(28). Hypertension was determined by having a systolic blood

pressure of 140 mmHg or higher, or a diastolic blood pressure of

90 mmHg or higher, and currently using antihypertensive

medications (29). We used the electrochemiluminescence

immunoassay method to measure the concentrations of thyroid-

stimulating hormone (TSH), free triiodothyronine (FT3), and free

thyroxine (FT4). The reference ranges for FT3, FT4, and TSH were

3.10 to 6.80 pmol/L, 12.00 to 22.00 pmol/L, and 0.27 to 4.20 mIU/L,

respectively. Euthyroid was defined as having serum TSH and FT4

levels within the normal ranges and not using thyroid

hormone medication.

The physical examination included measuring height (in

centimeters), weight (in kilograms), waist circumference (in

centimeters), and blood pressure (in mmHg). BMI was calculated

by dividing weight in kilograms by height in meters squared.

Systolic and diastolic blood pressure were measured on the right

arm using a sphygmomanometer after at least 5 minutes of rest, and

the average of two readings was recorded.
Metabolic syndrome and MetS severity
score

Metabolic syndrome (MetS) is defined according to the 2009

guidelines of the International Diabetes Federation (IDF) and the

American Heart Association/National Heart, Lung, and Blood

Institute (AHA/NHLBI) (30, 31). It includes three of the following

five criteria: 1) elevated waist circumference, with specific

measurements for men (≥90 cm) and women (≥80 cm); 2) elevated

triglycerides (≥150 mg/dl) or use of medication for high triglyceride

levels; 3) low HDL cholesterol (<40 mg/dl in men and <50 mg/dl in

women) or use of medication for low HDL levels; 4) high blood

pressure (systolic ≥130 mmHg and/or diastolic ≥85 mmHg) or use of

antihypertensive medication; and 5) elevated fasting glucose (≥100 mg/

dl) or use of medication for high glucose levels. Additionally, a

Metabolic Syndrome Severity Score (MetSSS) is calculated based on

specific equations for age, sex, and ethnicity (Table 1) (32).
Indices of thyroid hormone sensitivity

The participants’ central sensitivity to THs was assessed using

Thyroid Feedback Quartile-Based index (TFQI), parametric thyroid
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feedback quantile-based index (PTFQI), TSH index (TSHI), and

Thyrotroph T4 Resistance Index (TT4RI). Higher values of TFQI,

PTFQI, TSHI, and TT4RI indicate lower central sensitivity to

thyroid hormones. Peripheral THs sensitivity was evaluated using

the FT3 to FT4 ratio (FT3/FT4), where higher values suggest higher

sensitivity. The equations for calculation are provided with the

following formulas (16, 19, 20): TFQI = cdf FT4 − (1 − cdf TSH);

cdf: cumulative distribution function. PTFQI = j((FT4-mFT4)/
sFT4) - (1-j ((ln TSH-mln TSH)/slnTSH)), where mfT4 = 15.70,

sfT4 = 1.80, mln TSH=0.62, and sln TSH=0.45 for the Chinese

population. TSHI = ln TSH (mIU/L) + 0.1345 × FT4 (pmol/L).

TT4RI = FT4 (pmol/L) × TSH (mIU/L). FT3/FT4 = FT3 (pmol/L)/

FT4 (pmol/L).
Statistical analyses

The statistical analyses were conducted using SPSS 26.0 (Chicago,

IL, USA) and R software (version 4.1). The normality of the variables

was assessed using the Kolmogorov–Smirnov test. Normally

distributed variables are presented as mean (standard deviation),

skewed variables as median [interquartile range], and categorical

variables as frequencies (proportions). One-way ANOVA test or

Kruskal-Wallis H test were used to compare continuous variables,

while the chi-square test was used for categorical variables.

Multivariable logistic regression analysis was performed to assess the

associations between MetS risk and thyroid hormone sensitivity

indices, adjusting for potential confounding factors. Two models

were used for adjustment: Model 1 included sex and age, while

Model 2 included variables from Model 1 as well as smoking,

drinking, BMI, and NLR. The relationship between thyroid hormone

sensitivity indices and the risk of MetS and MetSSS in all euthyroid

participants was examined using restricted cubic spline analysis. The

model incorporated 4 knots placed at the 5th, 35th, 65th, and 95th

percentiles of SII, with the p-value indicating the nonlinearity of the

smooth curve fitting. Subgroup analysis was conducted to explore the

correlation between thyroid hormone sensitivity indices and the risk of

MetS and its components among different subgroups based on sex

(males/females) and age (≥60 years/<60 years). A significance level of P

< 0.05 (2-tailed) was considered statistically significant.
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Results

Baseline characteristics

Table 2 presents the baseline characteristics of all participants

categorized by quartiles of MetSSS. A total of 17,272 participants

were included in the analysis, with 10,442 males (60.5%) and 6,830

females (39.5%) (Figure 1). There were significant differences in all

baseline characteristics among the four quartiles of MetSSS (all P-

values < 0.001). Individuals in the higher quartiles of MetSSS were

more likely to be older, male, smokers, drinkers, and had higher

rates of hypertension and diabetes (P for trend < 0.001). There were

notable increases in BMI, WC, FBG, SBP, DBP, TG, TC, LDL-C,

NLR, FT3, and FT4 across the quartiles of MetSSS, while HDLC

decreased. Furthermore, participants in the higher quartiles of

MetSSS exhibited higher levels of TFQI, PTFQI, TSHI, TT4RI,

and FT3/FT4 (P for trend < 0.001).
Adjusted odds ratios for sensitivity to THs
and risk of MetS and its components

Table 3 displays the adjusted odds ratios (ORs) and 95%

confidence intervals (CIs) for the relationship between sensitivity to

THs and the risk of MetS and its components. The analysis involved

three models, including a crude model and two adjusted models

controlling for various confounding factors. After adjusting for

potential confounders such as age, sex, smoking, drinking, BMI, and

NLR, the risk of MetS was found to be positively correlated with all

sensitivity to THs [TFQI (+ 1 SD): OR=1.20, 95%CI: 1.15-1.25; PTFQI

(+ 1 SD): OR=1.28, 95%CI: 1.23-1.33; TSHI (+ 1 SD): OR=1.35, 95%

CI: 1.29-1.42; TT4RI (+ 1 SD): OR=1.57, 95%CI: 1.47-1.67; FT3/FT4 (+

1 SD): OR=1.17, 95%CI: 1.12-1.23] (all P-value <0.001). Regarding

MetS components, elevated waist circumference (WC) and low high-

density lipoprotein cholesterol (HDL-C) did not show a significant

association with thyroid sensitivity indices in the adjusted models.

However, elevated blood pressure (BP), elevated triglycerides (TG), and

elevated fasting plasma glucose (FPG) were positively associated with

thyroid hormones sensitivity indices, with the strongest associations

observed for FT3/FT4.
Association of sensitivity to THs and
MetSSS quartiles

Table 4 shows the relationship between thyroid hormone

sensitivity (per SD increase) and quartiles of MetSSS. The odds ratios

for each quartile with 95% confidence intervals, adjusted for age, sex,

smoking, drinking, BMI, and NLR, are presented. A significant positive

trend was observed across MetSSS quartiles for TSHI and TT4RI (per

SD increase), with the strongest association seen in the highest quartile

(P for trend < 0.001). TFQI and PTFQI also demonstrated a positive

trend, although less pronounced for the second quartile. The FT3/FT4

ratio showed a consistent and significant positive association across all

quartiles, suggesting that higher peripheral thyroid hormone sensitivity
TABLE 1 Age-sex-ethnicity-specific MetSSS equations.

Groups MetSSS equations

Male

<60 years -2.9092 + 0.0262*WC +0.3098*TG-0.944*HDL-C+
0.0097*MAP+0.0745*FBG

≥60 years -2.3741 + 0.0264*WC+0.4933*TG-0.999*HDL-C+
0.0054*MAP+0.0821*FBG

Female

<60 years -2.4981 + 0.0199*WC+0.5218*TG-0.8616*HDL-C+
0.0110*MAP+0.1074*FBG

≥60 years -0.5682 + 0.0153*WC+0.4587*TG-1.3567*HDL-C+
0.0036*MAP+0.0688*FBG
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may be related to a more severe MetS. Individuals in the highest

quartile of MetSSS were more likely to have impaired THs sensitivity

indices compared to those in the lowest quartile (TFQI: OR=1.16, 95%

CI: 1.07-1.21; PTFQI: OR=1.12, 95%CI: 1.06-1.17; TSHI: OR=1.13,

95%CI: 1.06-1.19; TT4RI: OR=1.25, 95%CI: 1.15-1.35; FT3/FT4:

OR=1.82, 95%CI: 1.72-1.93).
Exploration of nonlinear relationships

Based on the results of regression analysis, we conducted a

restricted cubic spline analysis to investigate the dose-response
Frontiers in Endocrinology 05164
relationship between indicators of THs sensitivity and MetS

(Figure 2). After adjusting for potential confounders such as age,

sex, smoking, drinking, and NLR, we found a significant association

between sensitivity to thyroid hormones indices and MetS in all

euthyroid participants (overall P<0.001). Non-linear relationships

were observed between all indicators of thyroid hormone sensitivity

andMetS (P for nonlinearity<0.001). Furthermore, both central and

peripheral sensitivity to thyroid hormones were positively

correlated with MetSSS) (overall P<0.05 (Figure 3). TSHI, TT4RI,

TFQI, and PTFQI showed a linear association with MetSSS (P for

nonlinearity>0.05), while FT3/FT4 exhibited a non-linear

relationship with MetSSS (P for nonlinearity=0.001).
TABLE 2 Baseline characteristics of all participants.

Characteristic

MetSSS quartile

P-value P for trendOverall
N = 17,272

Q1
N = 4,347

Q2
N = 4,341

Q3
N = 4,327

Q4
N = 4,257

Age, years 50.64 ± 10.03 47.06 ± 10.55 50.26 ± 9.67 52.08 ± 9.12 53.21 ± 9.63 <0.001 <0.001

Male, n (%) 10,442 (60.5%) 1,532 (35.2%) 2,529 (58.3%) 3,086 (71.3%) 3,295 (77.4%) <0.001 <0.001

Smoking, n (%) 4,892 (28.3%) 538 (12.4%) 1,033 (23.8%) 1,493 (34.5%) 1,828 (42.9%) <0.001 <0.001

Drinking, n (%) 3,008 (17.4%) 381 (8.8%) 690 (15.9%) 884 (20.4%) 1,053 (24.7%) <0.001 <0.001

BMI, kg/m2 24.5 ± 3.2 21.8 ± 2.3 23.9 ± 2.3 25.4 ± 2.5 27.1 ± 3.2 <0.001 <0.001

WC, cm 82.64 ± 9.74 73.61 ± 6.84 80.78 ± 7.02 85.76 ± 7.21 90.60 ± 8.60 <0.001 <0.001

FBG, mmol/L 5.52 ± 1.15 5.02 ± 0.48 5.30 ± 0.67 5.54 ± 0.93 6.22 ± 1.74 <0.001 <0.001

SBP, mmHg 121.73 ± 16.30 111.69 ± 14.04 119.32 ± 14.18 125.03 ± 14.64 131.08 ± 15.70 <0.001 <0.001

DBP, mmHg 73.78 ± 10.68 67.23 ± 8.86 72.25 ± 9.24 76.00 ± 9.73 79.76 ± 10.62 <0.001 <0.001

TG, mmol/L 1.27 (0.90, 1.87) 0.78 (0.64, 0.96) 1.10 (0.89, 1.35) 1.50 (1.21, 1.84) 2.39 (1.82, 3.24) <0.001 <0.001

TC, mmol/L 4.86 (4.28, 5.46) 4.85 (4.30, 5.44) 4.80 (4.23, 5.38) 4.85 (4.26, 5.45) 4.94 (4.36, 5.61) <0.001 <0.001

LDLC, mmol/L 3.14 (2.61, 3.68) 2.95 (2.49, 3.46) 3.17 (2.66, 3.71) 3.29 (2.76, 3.80) 3.16 (2.54, 3.72) <0.001 <0.001

HDLC, mmol/L 1.28 (1.06, 1.54) 1.71 (1.53, 1.93) 1.35 (1.22, 1.51) 1.16 (1.04, 1.30) 1.00 (0.88, 1.13) <0.001 <0.001

Diabetes, n (%) 1,221 (7.1%) 31 (0.7%) 128 (2.9%) 254 (5.9%) 808 (19.0%) <0.001 <0.001

Hypertension, n (%) 2,201 (12.7%) 138 (3.2%) 333 (7.7%) 623 (14.4%) 1,107 (26.0%) <0.001 <0.001

NLR 1.53 (1.21, 1.93) 1.44 (1.14, 1.85) 1.55 (1.21, 1.92) 1.55 (1.23, 1.95) 1.58 (1.27, 1.98) <0.001 <0.001

FT3, pmol/L 4.70 (4.34, 5.08) 4.44 (4.12, 4.79) 4.69 (4.34, 5.03) 4.82 (4.47, 5.17) 4.86 (4.50, 5.22) <0.001 <0.001

FT4, pmol/L 15.50 (14.40, 16.80) 15.30 (14.30, 16.30) 15.53 (14.50, 16.90) 15.57 (14.60, 17.00) 15.60 (14.40, 16.90) <0.001 <0.001

TSH, mIU/L 1.92 (1.40, 2.58) 1.93 (1.40, 2.60) 1.89 (1.38, 2.57) 1.89 (1.38, 2.55) 1.96 (1.44, 2.63) <0.001 0.154

TSHI 2.75 (2.43, 3.07) 2.73 (2.40, 3.04) 2.75 (2.42, 3.07) 2.75 (2.43, 3.06) 2.79 (2.46, 3.08) <0.001 <0.001

TT4RI 30 (22, 40) 29 (21, 40) 29 (22, 38) 30 (22, 40) 32 (22, 41) <0.001 0.001

PTFQI -0.03 (-0.25, 0.18) -0.06 (-0.28, 0.14) -0.03 (-0.26, 0.18) -0.02 (-0.25, 0.19) 0.00 (-0.22, 0.22) <0.001 <0.001

TFQI -0.07 (-0.27, 0.15) -0.10 (-0.29, 0.10) -0.06 (-0.26, 0.16) -0.05 (-0.25, 0.16) -0.05 (-0.26, 0.17) <0.001 <0.001

FT3/FT4 0.30 ± 0.04 0.29 ± 0.04 0.30 ± 0.04 0.32 ± 0.03 0.34 ± 0.04 <0.001 <0.001
Continuous variables are presented as mean ± standard deviation or median (interquartile) with number (proportion, %) for categorical variables. P values among groups are calculated by one-
way ANOVA or Kruskal-Wallis H tests for continuous variables, Chi-square test for categorical variables.
BMI, body mass index; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose; TG, triglycerides; TC, total cholesterol; HDL-C, high-
density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; NLR, neutrophil to lymphocyte ratio; FT3, free triiodothyronine; FT4, free thyroxine; TSH, thyroid-stimulating
hormone; TFQI, thyroid feedback quantile-based index; PTFQI, parametric thyroid feedback quantile-based index; TSHI, TSH index; TT4RI, thyrotropin thyroxine resistance index; FT3/FT4,
free triiodothyronine to free thyroxine ratio.
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Subgroup analysis

As shown in Figure 4, after adjusting for potential confounders,

the odds ratios (ORs) for the risk of MetS were found to increase

with every 1 standard deviation increase in TFQI, PTFQI, TSHI,

TT4RI, and FT3/FT4 ratio. These associations were observed in

individuals under 60 years old and those over 60 years old, as well as

in males and females. specifically, the ORs for MetS risk were 1.19 to

1.61 among individuals under 60 years old, 1.21 to 1.37 among

those over 60 years old, 1.13 to 1.44 in males, and 1.44 to 2.03 in

females. Additionally, the FT3/FT4 ratio was positively associated

with all MetS components risk in all subgroups. however, most

central sensitivities to THs were not significantly associated with

elevated WC and low HDL-C. They were positively associated with

elevated blood pressure (BP) and triglycerides (TG) in females and

individuals under 60 years old, and all sensitivity to THs were

positively associated with elevated FPG in subjects under 60

years old.
Discussion

To the best of our knowledge, this is the first large-sample cross-

sectional study to evaluate the association between central and

peripheral thyroid hormones sensitivity and risk of MetS and

MetSSS in euthyroid Chinese adults. The results provide evidence

that both decreased central sensitivity to THs (elevated TFQI,

PTFQI, TSHI, and TT4RI) and increased peripheral sensitivity to

THs (elevated FT3/FT4) were associated with an increased risk of

MetS and MetSSS in euthyroid Chinese adults. Additionally,

subgroup analysis showed that these relationships remain stable

regardless of sex and age. This analysis goes beyond simply

examining the absolute levels of FT3, FT4, and TSH, and

provides insight into the resistance of THs within MetS andMetSSS.
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THs have been found to play a significant role in all aspects of

MetS through various mechanisms. These hormones can impact

metabolic rate, appetite control, and sympathetic activity, which in

turn affects adiposity (33). The stimulation of the sympathetic

nervous system by THs also influences glucose and lipid

metabolism, as well as cardiovascular regulation (34). However,

fluctuations in THs levels within both normal and abnormal ranges

have been linked to metabolic disorders. Previous studies have

shown that levels of TSH or THs alone may not fully explain the

relationship between the thyroid system and metabolic dysfunction

(35). Therefore, comprehensive indices that reflect THs

homeostasis may provide a more accurate understanding of this

relationship. Laclaustra et al. have proposed the use of TFQI and

PTFQI to quantify the relationship between thyroid function and

metabolic indices (16). This approach, based on the theory of THs

resistance, aims to explain contradictory findings in research and

has opened up new avenues for studying the connection between

thyroid function and metabolic disorders.

Numerous studies have investigated the relationship between

sensitivity to THs and metabolic disorders. A recent study

involving 31,678 patients with coronary heart disease found that

impaired sensitivity to THs was significantly linked to

dyslipidemia, regardless of gender, glucose levels, and blood

pressure (35). Another recent cross-sectional study also showed

a positive correlation between TFQI and FT3/FT4 levels with lipid

levels (36). Our study revealed that all measures of THs sensitivity

were positively linked to low HDL-C and high TG levels in

euthyroid individuals. Research has demonstrated that TSH

directly influences the expression of HMG-CoA reductase in the

liver, leading to increased cholesterol synthesis (37, 38). TSH

binds to its receptor and regulates protein kinase activation

through the cyclic adenosine monophosphate/protein kinase A

pathway, altering its inhibitory effect on the peroxisome

proliferator-activated receptor-g signaling pathway. This, in
FIGURE 1

Study design flowchart.
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TABLE 3 Adjusted odds ratio (95% confidence interval) of sensitivity to THs and risk of MetS and its components.

Crude model Model 1 Model 2

OR 95%CI P-value OR 95%CI P-value OR 95%CI P-value

MetS

TFQI (+1 SD) 1.34 1.29, 1.40 <0.001 1.21 1.16, 1.26 <0.001 1.20 1.15, 1.25 <0.001

PTFQI (+1 SD) 1.35 1.30, 1.41 <0.001 1.26 1.21, 1.31 <0.001 1.28 1.23, 1.33 <0.001

TSHI (+1 SD) 1.37 1.30, 1.43 <0.001 1.34 1.27, 1.40 <0.001 1.35 1.29, 1.42 <0.001

TT4RI (+1 SD) 1.44 1.36, 1.53 <0.001 1.52 1.43, 1.62 <0.001 1.57 1.47, 1.67 <0.001

FT3/FT4 (+1 SD) 1.28 1.23, 1.34 <0.001 1.17 1.12, 1.22 <0.001 1.17 1.12, 1.23 <0.001

Elevated WC

TFQI (+1 SD) 1.08 1.04, 1.11 <0.001 0.99 0.96, 1.03 0.710 0.99 0.95, 1.02 0.481

PTFQI (+1 SD) 1.07 1.04, 1.11 <0.001 1.03 0.99, 1.06 0.107 1.03 1.00, 1.07 0.059

TSHI (+1 SD) 1.05 1.01, 1.09 0.016 1.02 0.98, 1.06 0.319 1.02 0.98, 1.07 0.269

TT4RI (+1 SD) 1.05 0.99, 1.11 0.083 1.06 1.01, 1.12 0.045 1.07 1.01, 1.13 0.024

FT3/FT4 (+1 SD) 1.30 1.25, 1.35 <0.001 1.30 1.25, 1.36 <0.001 1.31 1.26, 1.36 <0.001

Elevated BP

TFQI (+1 SD) 1.25 1.20, 1.29 <0.001 1.11 1.07, 1.15 <0.001 1.11 1.07, 1.15 <0.001

PTFQI (+1 SD) 1.13 1.10, 1.17 <0.001 1.06 1.02, 1.10 0.003 1.06 1.02, 1.10 0.002

TSHI (+1 SD) 1.15 1.10, 1.20 <0.001 1.11 1.06, 1.16 <0.001 1.11 1.07, 1.16 <0.001

TT4RI (+1 SD) 1.08 1.02, 1.14 0.005 1.11 1.05, 1.17 <0.001 1.12 1.05, 1.18 <0.001

FT3/FT4 (+1 SD) 1.26 1.21, 1.31 <0.001 1.20 1.15, 1.25 <0.001 1.20 1.15, 1.25 <0.001

Low HDL-C

TFQI (+1 SD) 1.03 0.98, 1.09 0.269 1.12 1.04, 1.18 <0.001 1.15 1.08, 1.21 <0.001

PTFQI (+1 SD) 1.14 1.08, 1.20 <0.001 1.03 0.98, 1.09 0.213 1.06 1.01, 1.11 0.049

TSHI (+1 SD) 1.03 0.96, 1.09 0.418 0.99 0.93, 1.06 0.822 1.11 1.02, 1.16 <0.001

TT4RI (+1 SD) 1.00 0.92, 1.09 0.934 1.05 0.96, 1.14 0.288 1.10 1.01, 1.20 0.042

FT3/FT4 (+1 SD) 1.45 1.37, 1.53 <0.001 1.22 1.15, 1.29 <0.001 1.21 1.14, 1.29 <0.001

Elevated TG

TFQI (+1 SD) 1.08 1.05, 1.12 <0.001 0.97 0.94, 1.01 0.098 1.12 1.04,1.18 <0.001

PTFQI (+1 SD) 1.16 1.12, 1.20 <0.001 1.07 1.03, 1.11 <0.001 1.08 1.04, 1.12 <0.001

TSHI (+1 SD) 1.10 1.06, 1.15 <0.001 1.08 1.03, 1.13 <0.001 1.09 1.04, 1.13 <0.001

TT4RI (+1 SD) 1.11 1.05, 1.17 <0.001 1.17 1.10, 1.23 <0.001 1.19 1.12, 1.26 <0.001

FT3/FT4 (+1 SD) 1.47 1.41, 1.53 <0.001 1.27 1.21, 1.32 <0.001 1.27 1.22, 1.33 <0.001

Elevated FPG

TFQI (+1 SD) 1.25 1.21, 1.30 <0.001 1.11 1.07, 1.15 <0.001 1.10 1.06, 1.15 <0.001

PTFQI (+1 SD) 1.09 1.06, 1.13 <0.001 1.01 0.98, 1.05 0.492 1.09 1.03, 1.15 <0.001

TSHI (+1 SD) 1.12 1.07, 1.16 <0.001 1.07 1.03, 1.12 0.002 1.08 1.03, 1.13 <0.001

TT4RI (+1 SD) 1.04 0.98, 1.10 0.221 1.05 0.99, 1.12 0.092 1.07 1.01, 1.14 0.027

FT3/FT4 (+1 SD) 1.07 1.03, 1.11 <0.001 1.02 0.98, 1.07 0.266 1.03 0.99, 1.07 0.158
F
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Model 1: adjusted for age and sex.
Model 2: adjusted for age, sex, smoking, drinking, BMI and NLR.
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turn, triggers the activity of sterol regulatory element-binding

protein (SREBP) 1c in the liver, promoting the expression of genes

related to fat formation (39). SREBP is a transcription factor that

positively regulates the expression of LDLR and cholesterol

synthesis, with T3 mediating cholesterol synthesis through

SREBP-1 and SREBP-2 (40, 41). These established mechanisms

illustrate the close connection between THs sensitivity and

dyslipidemia. Another study conducted on a cross-sectional

basis found that the TFQI was linked to a higher prevalence of

diabetes in both 2296 euthyroid adults in America and 8319

euthyroid adults in China (42). It has been noted that TSH can

stimulate the secretion of leptin in human adipose tissue, which in

turn reduces insulin secretion and synthesis in pancreatic b-cells.
Therefore, the combined index TFQI, which takes into account

both TSH and FT3, may offer a more accurate indication of the
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risk of developing diabetes compared to individual indices in

individuals with normal TSH, FT3, and FT4 levels.

Furthermore, several studies have suggested that THs can

directly and indirectly influence blood pressure. Insensitivity to

THs can result in a decrease in the dilation of arterial smooth

muscle, availability of nitric oxide, and endothelium-dependent

vasodilation (43–45). A recent study also found a positive

association between decreased central sensitivity to THs and

visceral adipose tissue (46), which aligns with our findings.

Disorders in THs sensitivity can disrupt the body’s metabolic

balance, affecting the functioning of adipose tissue. While THs

typically stimulate both brown and white adipose tissue, promoting

thermogenesis and energy expenditure, impaired thyroid hormone

sensitivity can lead to reduced activity in brown adipose tissue and

impaired browning of white adipose tissue, resulting in decreased
TABLE 4 Association of sensitivity to thyroid hormones and MetSSS quartiles.

MetSSS quartiles

P for trendQ1 Q2 Q3 Q4

OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value

TSHI (+1 SD) Ref. 1.07 (1.01~1.13) 0.016 1.06 (1.01~1.12) 0.032 1.13 (1.06~1.19) <0.001 <0.001

TT4RI (+1 SD) Ref. 1.07 (0.99~1.15) 0.071 1.10 (1.02~1.19) 0.013 1.25 (1.15~1.35) <0.001 <0.001

TFQI (+1 SD) Ref. 1.05 (1.00~1.10) 0.053 1.00 (0.96~1.05) 0.935 1.16 (1.07~1.21) <0.001 <0.001

PTFQI (+1 SD) Ref. 1.03 (0.98~1.08) 0.231 1.04 (1.00~1.09) 0.082 1.12 (1.06~1.17) <0.001 <0.001

FT3/FT4 (+1 SD) Ref. 1.31 (1.24~1.39) <0.001 1.62 (1.53~1.71) <0.001 1.82 (1.72~1.93) <0.001 <0.001
FIGURE 2

The smooth curve fitting between sensitivity to THs indicators and MetS. Solid red lines and red areas on both sides represent ORs and their 95%CI.
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FIGURE 3

The smooth curve fitting between sensitivity to THs indicators and MetSSS. Solid red lines and red areas on both sides represent the estimated
regression coefficient Beta and its 95% confidence interval.
FIGURE 4

Subgroup analysis by age and gender.
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energy expenditure and a tendency for fat accumulation,

particularly in the abdominal region (47, 48).

Previous studies examining the relationship between the FT3/

FT4 ratio and MetS have produced conflicting results. A recent

cross-sectional study found that lower FT3/FT4 levels were linked

to MetS components,42 contradicting our findings. Greet et al.

discovered a positive association between FT3, FT4, and the

FT3/FT4 ratio with MetS components (49). Shon et al. observed

a negative correlation between FT4 levels within the normal

range and BMI (50). Roos et al. reported associations between

low normal FT4 levels and increased insulin resistance and an

unfavorable lipid profile in euthyroid adults (51). In a study

involving 3,148 subjects, it was found that higher levels of FT4

were associated with higher levels of HDL cholesterol and lower

levels of waist circumference, insulin resistance, and insulin (52).

Additionally, previous studies have shown that higher levels of fT3

are linked to increased body fat mass and various metabolic

parameters. A higher ratio of fT3 to fT4 has been associated

with a less favorable metabolic profile and increased placental

growth in pregnant women (53). Research has suggested that

individuals with higher fat mass and/or less favorable metabolic

profiles may have increased activity of deiodinase (DIO) 1 and/or

2, leading to higher conversion of fT4 to fT3 (54). This enhanced

sensitivity to thyroid hormones can impact metabolic rate,

glucose absorption and utilization, and lipid metabolism,

potentially leading to fluctuations in blood sugar and lipid levels

(55). It may also worsen insulin resistance, affect insulin signaling

pathways, and increase cardiovascular activity, all of which are

characteristics of metabolic syndrome. Essentially, an excessive

response to normal thyroid hormone levels may increase the risk

of developing metabolic abnormalities associated with MetS.

To further elaborate on the intricate relationship between thyroid

function and metabolic regulation, it is essential to consider the role

of circadian rhythms. Emerging evidence underscores the

bidirectional interplay between thyroid hormones and circadian

clocks (56). The hypothalamus-pituitary-thyroid axis demonstrates

circadian oscillation, with thyroid hormone secretion orchestrated by

both central and peripheral clocks. In turn, thyroid hormones

modulate clock gene rhythmicity. Notably, triiodothyronine (T3)

acts as a temporal cue for the central circadian clock by enhancing

Bmal1 promoter activity, ensuring optimal metabolic regulation (57).

Conversely, circadian disruptions, such as those in hypothyroidism,

alter suprachiasmatic nucleus clock gene expression and impact

metabolic parameters like oxygen consumption and body

temperature, potentially contributing to metabolic syndrome (58).

Importantly, aligning circadian rhythms through strategies like time-

restricted feeding can restore metabolic health and enhance thyroid

hormone signaling, underscoring the importance of circadian

integrity in thyroid-metabolism axis regulation (59, 60). This

interplay between circadian rhythms and thyroid function provides

a more comprehensive framework for understanding metabolic

regulation and suggests potential therapeutic avenues for

addressing metabolic disorders.
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The clinical importance of our study’s results lies in its potential

to improve the understanding and management of MetS in

euthyroid individuals. By identifying the association between

thyroid hormone sensitivity and MetS risk, clinicians can

consider evaluating thyroid function more comprehensively using

indices like TFQI and FT3/FT4 ratio, rather than relying solely on

traditional markers such as TSH, FT3, and FT4. This approach may

allow for earlier identification of individuals at risk of MetS,

enabling timely interventions to prevent or delay the onset of

metabolic complications. Additionally, the findings highlight the

need for further research into the therapeutic potential of

modulating thyroid hormone sensitivity as a strategy for

MetS management.

There were several limitations that should be acknowledged.

Firstly, the cross-sectional design restricts the ability to establish a

cause-and-effect relationship between thyroid hormone sensitivity

indices and MetS. Additionally, the generalizability of the findings

may be limited as the study was conducted in a Chinese population

and may not be applicable to other ethnicities or regions. Lastly, the

study did not consider all potential confounding factors, such as

diet patterns or physical activity levels, that could impact the

relationship between TH sensitivity and MetS.
Conclusion

In summary, this study presents evidence of a significant

correlation between impaired thyroid hormone sensitivity and

MetS, along with its severity, in euthyroid adults. The relationships

with waist circumference, dyslipidemia, hyperglycemia, and

hypertension emphasize the possible involvement of thyroid

hormones in the pathogenesis of MetS. Future investigations

should take into account thyroid hormone sensitivity indices when

assessing MetS risk and further explore the mechanisms that drive

these associations.
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Reframing type 1
diabetes through the
endocannabinoidome-
microbiota axis: a systems
biology perspective
Wojciech Łukowski*

CARE FOR T1D, Bydgoszcz, Poland
Type 1 diabetes (T1D) has long been recognized as a T-cell-driven autoimmune

disease. However, growing evidence highlights the involvement of metabolic,

inflammatory, and gut microbiota-related factors in its progression. The

endocannabinoid system (ECS), a key regulator of immune and metabolic

homeostasis, has been increasingly implicated in autoimmune pathophysiology,

particularly through its interactions with gut-derived metabolites. This hypothesis

article underscores the need to reframe T1D pathophysiology by integrating ECS

dysfunction, gut dysbiosis, and metabolic imbalances into a systems biology

framework. The proposed Endocannabinoidome-Microbiota (ECBoM) model

highlights a shared hallmark of autoimmunity—SCFA depletion, increased

intestinal permeability, and ECS dysregulation—as key drivers of chronic

inflammation and immune dysfunction. These disturbances, observed in T1D as

well as in celiac disease, Hashimoto’s thyroiditis, rheumatoid arthritis, and multiple

sclerosis, suggest a common immune-metabolic axis across autoimmune

disorders. Recognizing ECS dysregulation as a systemic feature of autoimmunity

opens avenues for novel therapeutic interventions, including ECS-targeted

treatments, microbiota modulation, and phytocannabinoid-based therapies. This

article highlights the necessity of conducting large-scale, multi-omics studies to

establish disease-specific ECS signatures, linking endocannabinoid profiling,

microbiota composition, and metabolic biomarkers to disease progression. By

advocating for a paradigm shift in T1D research, this article emphasizes the

importance of exploring new mechanistic references to develop targeted,

immune-metabolic interventions that could reshape treatment strategies and

improve clinical outcomes in T1D and related autoimmune diseases.
KEYWORDS

type 1 diabetes (T1D), endocannabinoid system (ECS), gut microbiota, autoimmune
diseases, intestinal permeability, metabolic dysregulation, short-chain fatty acids, TRPV
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Introduction

Type 1 diabetes (T1D) is a multifactorial autoimmune disease

arising from a complex interplay between genetic susceptibility,

environmental factors, and immune dysregulation (1). While

considerable progress has been made in elucidating the genetic

and immunological underpinnings of T1D, current models fail to

fully explain the mechanisms initiating the breakdown of tolerance

toward pancreatic b-cells (1, 2). In recent years, growing attention

has focused on the endocannabinoid system (ECS) and gut

microbiota as two dynamic, interconnected regulators of immune

and metabolic homeostasis (3, 4).

The ECS is an evolutionarily conserved lipid-based signaling

system composed of endocannabinoids such as anandamide (AEA)

and 2-arachidonoylglycerol (2-AG), their receptors (CB1, CB2,

TRPV1), and associated metabolic enzymes (FAAH, MAGL,

DAGL) (5, 6). Unlike classical neurotransmitters or hormones,

endocannabinoids are synthesized on demand, locally, in

response to cellular stress or inflammatory stimuli (7). This

system acts as a local buffer, fine-tuning immune responses,

intestinal barrier integrity, and cellular stress adaptation (8, 9).

Emerging evidence indicates a bidirectional relationship

between ECS signaling and gut microbiota composition, forming

a regulatory axis known as the endocannabinoidome–microbiota

axis (ECBoM) (3, 4). Gut dysbiosis has been shown to disrupt ECS

tone through reduced production of short-chain fatty acids

(SCFAs) and increased translocation of microbial-derived

lipopolysaccharides (LPS), leading to chronic ECS overstimulation

(10–12). This dysregulation, in turn, impairs intestinal barrier

integrity, promotes systemic inflammation, and affects immune

tolerance (9, 11, 13).

In this work, we propose a novel sequential model of T1D

pathogenesis, grounded in molecular ECS-microbiota interactions,

that links gut dysbiosis to b-cell autoimmunity, as pictured in the

Figure 1. This model outlines a stepwise cascade:

Gut dysbiosis→ SCFA depletion (4, 10)→ compensatory 2-AG

overproduction → ECS overstimulation (3, 14)→ CB2 and TRPV1

receptor desensitization (15–18) → increased intestinal

permeability (“leaky gut”) (11, 13)→ systemic inflammation

(19)→ immune ECS dysregulation due to excess 2-AG →

disruption of the blood–pancreas barrier by ECS dysregulation →

infiltration of inflammatory mediators into pancreatic islets→ ECS

dysregulation in pancreatic b-cells→ closure of GDDC and VDCC

calcium channels → impaired calcium influx into b-cells →

suppression of insulin secretion → activation of b-cell apoptotic
pathways → autoimmune targeting and destruction of b-cells (1,
20, 21).

This mechanistic framework integrates existing findings on ECS

and microbiota into a coherent, testable hypothesis that may explain

the early molecular events triggering T1D in genetically predisposed

individuals. Furthermore, it highlights new therapeutic and preventive

avenues by targeting ECS-microbiota balance to maintain

immunometabolic homeostasis.
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Endocannabinoid system and
microbiota interactions

The endocannabinoid system (ECS) is an evolutionarily conserved

lipid-signaling system extensively involved in maintaining homeostasis

across multiple physiological processes, including metabolism,

inflammation, immunity, and gut function (5, 22). Unlike classical

neurotransmitters or circulating hormones, endocannabinoids such as

anandamide (AEA) and 2-arachidonoylglycerol (2-AG) are

synthesized on demand at the site of need, in response to local

cellular stress, inflammatory stimuli, or membrane depolarization (7,

14). This localized and transient mode of synthesis underscores their

role as fine-tuned regulators of homeostasis rather than long-range

systemic signals. The ECS comprises endocannabinoids (primarily

anandamide [AEA] and 2-arachidonoylglycerol [2-AG]),

their associated receptors (CB1, CB2, TRPV1, GPR55), and

metabolic enzymes such as fatty acid amide hydrolase (FAAH),

monoacylglycerol lipase (MAGL), and diacylglycerol lipase (DAGL)

(6, 22). Recent studies suggest that ECS signaling intricately interacts

with gut microbiota, forming a critical axis termed the

endocannabinoidome-microbiota axis (ECBoM). This interaction

modulates gut barrier integrity, intestinal inflammation, immune

responses, and systemic metabolic homeostasis, positioning ECBoM

dysregulation as a potential pivotal event in autoimmune disorders,

notably type 1 diabetes (T1D) (1, 20).

Building on these observations, we propose a sequential model of

pathogenesis that mechanistically links gut dysbiosis to autoimmune b-
cell destruction in T1D through progressive disruption of ECS-

mediated homeostasis: This dysregulation is hypothesized to follow a

specific, sequential cascade (1, 3, 7):

intestinal dysbiosis (3)→ reduction in SCFA production (3)→

compensatory overproduction of 2-AG (14) → chronic (often

subclinical) intestinal inflammation (9)→ ECS dysregulation in the

gut (12)→ tight junction (TJ) downregulation → leaky gut (13)→

translocation of pro-inflammatory mediators into systemic circulation

(19)→ generalized systemic inflammation (1) → immune system–

driven overproduction of 2-AG (15, 16)→ ECS dysregulation in

immune cells (8) → 2-AG-induced dysfunction of the blood–pancreas

barrier (depending on ECS-related genetic susceptibility) (23)→

penetration of inflammatory cytokines into pancreatic tissue (24)→

ECS dysregulation within pancreatic islets (20) → mitochondrial

dysfunction and b-cell apoptosis signaling (25)→ immune recognition

and targeting of b-cells (1)→ clinical onset of type 1 diabetes.

The human gut microbiota consists of trillions of microorganisms

collectively contributing to essential host functions such as digestion,

metabolism of dietary components, synthesis of critical nutrients, and

modulation of immune function (10, 26). Dysbiosis, defined as a

perturbation in the composition and diversity of gut microbiota, is

increasingly recognized as a major factor contributing to autoimmune

and inflammatory disorders, including T1D (2, 27, 28). Notably,

dysbiotic conditions frequently correlate with altered ECS activity

and expression, suggesting a complex bidirectional interaction

between ECS and microbiota (3, 4, 12).
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Beyond the classical endocannabinoids anandamide (AEA) and 2-

arachidonoylglycerol (2-AG), the ECS also encompasses a broader

family of lipid mediators often referred to as “endocannabinoid-like

compounds” , including oleoylethanolamide (OEA) and

palmitoylethanolamide (PEA). These molecules do not bind strongly

to CB1 or CB2 receptors but exert profound anti-inflammatory and
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immunoregulatory effects via activation of PPAR-a (14, 22).

Notably, PEA has demonstrated protective effects in models of

neuroinflammation and mast cell regulation (29), while OEA

contributes to metabolic homeostasis, satiety regulation, and gut

signaling (3). Their actions complement canonical ECS pathways,

adding another layer of complexity to ECS–microbiota–immune
FIGURE 1

Schematic depiction of environmental triggers—such as antibiotic exposure, poor diet, infant formula feeding, and stress—disrupting gut microbiota
and endocannabinoid system (ECS) homeostasis. This leads to ECS receptor desensitization, increased intestinal permeability (leaky gut), and
systemic inflammation, ultimately contributing to autoimmune disease manifestation.
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interactions, and their inclusion in future studies may provide a more

comprehensive understanding of endocannabinoid tone in

T1D pathogenesis.

Importantly, the ECBoM axis cannot be fully understood without

considering the enzymatic regulation of endocannabinoid tone.

Diacylglycerol lipase (DAGL), responsible for 2-AG synthesis, and

monoacylglycerol lipase (MAGL), responsible for its degradation, are

dynamically regulated by both inflammatory cytokines and microbial

metabolites. For example, lipopolysaccharides (LPS) can upregulate

DAGL expression in immune cells, enhancing 2-AG synthesis and

promoting ECS overstimulation (3, 4). Simultaneously, SCFAs like

butyrate may downregulate DAGL activity and support MAGL

function, thus restoring ECS balance (10). These reciprocal

interactions suggest that microbiota-derived signals may fine-tune

ECS activity not only via receptor modulation but also through

enzymatic control of endocannabinoid turnover. This enzymatic

layer represents a critical regulatory node that warrants further

exploration in future studies.

Gut microbiota directly influence ECS signaling through several

distinct molecular mechanisms. A central mediator of this

interaction is the production of short-chain fatty acids (SCFAs),

primarily acetate, propionate, and butyrate, synthesized through

bacterial fermentation of dietary fibers. SCFAs actively regulate ECS

signaling by modulating the expression of ECS components in gut

epithelial and immune cells. In particular, SCFAs have been shown

to upregulate CB2 receptor expression on intestinal epithelial cells

and immune cells, reinforcing intestinal barrier function and

promoting anti-inflammatory responses (3, 25). Simultaneously,

SCFAs enhance epithelial tight junction proteins, thereby

decreasing gut permeability and limiting translocation of

inflammatory mediators, pathogens, or bacterial components such

as lipopolysaccharide (LPS) into systemic circulation (10, 11).

Conversely, a dysbiotic microbiome characterized by a reduction

of beneficial SCFA-producing bacteria (e.g., Faecalibacterium

prausnitzii, Roseburia intestinalis) is associated with decreased

SCFA levels, impaired intestinal epithelial integrity, increased gut

permeability, and consequent systemic inflammation (10, 28). Under

dysbiotic conditions, elevated intestinal permeability allows increased

translocation of microbial-derived LPS, which in turn activates toll-

like receptor 4 (TLR4) signaling pathways on immune cells, leading

to sustained ECS activation (3, 9). Specifically, increased systemic LPS

directly elevates 2-AG levels via induction of DAGL activity,

subsequently overstimulating ECS receptors, primarily CB1 and

TRPV1 (6, 12, 18). Importantly, it is the resulting dysregulation of

intestinal ECS – marked by CB2/TRPV1 desensitization and CB1

overactivation – that directly weakens tight junction integrity and

leads to the structural collapse of the epithelial barrier (17, 25).

Prolonged ECS receptor overstimulation due to persistent

dysbiotic signals (notably elevated LPS and diminished SCFAs)

leads to receptor desensitization, particularly within TRPV1-rich

tissues such as intestinal epithelia and pancreatic b-cells (17, 18, 25).
Chronic 2-AG elevation results in TRPV1 channel desensitization,

profoundly disturbing intracellular calcium homeostasis,

mitochondrial functions, and cellular survival signaling pathways,

thereby predisposing cells to inflammatory damage and apoptosis
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(15, 16). Thus, gut microbiota dysbiosis indirectly contributes to

tissue-specific vulnerability through ECS receptor dysregulation,

further amplifying systemic inflammation and immune

dysregulation (1, 8).

Moreover, dysbiosis-induced changes in intestinal permeability and

ECS signaling dramatically affect intestinal immune cell populations.

The gut mucosal immune system, a primary site for immune tolerance

and inflammatory control, expresses abundant ECS receptors,

predominantly CB2, that regulate local inflammatory responses and

T-cell differentiation (8, 25). CB2 signaling notably promotes the

generation and maintenance of regulatory T-cells (Tregs) while

suppressing inflammatory Th17 cell responses (29). Under healthy

microbiota conditions, robust CB2 receptor signaling induced by

SCFA-rich environments favors immune tolerance and intestinal

barrier integrity (3, 4). Dysbiotic conditions disrupt this regulatory

axis, leading to diminished CB2 expression, reduced Treg generation,

and increased Th17-driven inflammatory responses, profoundly

shifting intestinal immune homeostasis toward a pro-inflammatory

phenotype, which systemically predisposes to autoimmunity (1, 12).

The ECS reciprocally modulates microbiota composition,

demonstrating bidirectional interaction. ECS signaling pathways

directly regulate intestinal motility, secretion, barrier function, and

antimicrobial peptide production, significantly shaping microbial

populations in the gut (3, 4). Animal model studies demonstrate

that genetic deletion or pharmacological blockade of CB1 receptors

alters intestinal motility and secretory functions, resulting in

significant shifts in microbiota composition characterized by

increased pro-inflammatory bacteria and reduced SCFA-

producing populations (9, 12). Similarly, CB2 receptor knockout

mice exhibit increased gut inflammation and altered microbiota

profiles, reflecting ECS’s essential role in maintaining intestinal

immunological and microbial homeostasis (8, 25).

Clinical and preclinical observations highlight that conditions

characterized by ECS dysregulation, such as obesity, inflammatory

bowel disease, or metabolic syndrome, consistently associate with

microbiota dysbiosis, supporting ECBoM’s central role in human

disease (4, 9, 22). Importantly, emerging clinical data from T1D

patients reveal notable alterations in ECS tone, particularly elevated

circulating 2-AG levels accompanied by intestinal microbiota shifts

indicative of reduced SCFA-producing bacteria and increased LPS-

bearing Gram-negative bacteria (10, 30). These observations suggest

that ECBoM axis dysregulation might actively contribute to T1D

pathogenesis rather than merely being secondary to the

autoimmune disease process (1).

Given ECBoM’s critical immunometabolic regulatory roles,

therapeutic modulation of ECS signaling or gut microbiota

represents an intriguing strategy for T1D management (1, 3).

Potential interventions include probiotics enriched with SCFA-

producing bacteria, dietary strategies aiming at microbiota

restoration, and pharmacological ECS modulation (e.g., CB2

agonists, selective TRPV1 modulators, inhibitors of 2-AG

metabolism), or phytocannabinoids (7, 25, 31, 32). Although

promising, these approaches require rigorous clinical validation

and consideration of individualized microbiota profiles and ECS

states, emphasizing the complexity of clinical translation (3, 10).
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Future research directions should prioritize detailed

characterization of ECBoM interactions through multi-omics

approaches , inc luding metagenomics , metabolomics ,

transcriptomics, and proteomics, to comprehensively define

microbiota-driven ECS alterations and their consequences for

immune homeostasis and metabolic regulation (3, 4, 12).

Additionally, longitudinal clinical studies of genetically

predisposed individuals may reveal ECBoM biomarkers predictive

of T1D onset, enabling early preventive interventions targeting ECS

restoration and microbiota rebalancing (33–35).

In conclusion, ECS and gut microbiota interactions constitute a

critical homeostatic regulatory axis whose dysregulation significantly

contributes to T1D pathogenesis (1, 3). Detailed understanding of

ECBoM’s molecular interactions and pathophysiological mechanisms

provides a compelling framework for novel preventive and

therapeutic strategies, marking a potential paradigm shift in the

management of autoimmune diabetes (4, 12, 31).
Genetic susceptibility: ECS-related
genes and interactions

Type 1 diabetes (T1D) is widely recognized as a genetically

complex autoimmune disease, with a strong influence exerted by

the human leukocyte antigen (HLA) system within the major

histocompatibility complex (MHC) on chromosome 6. The

specific HLA haplotypes, notably DR3-DQ2 and DR4-DQ8,

significantly increase T1D susceptibility, collectively accounting

for approximately half of the genetic risk associated with disease

development (19). These HLA molecules play pivotal roles in

antigen presentation and T-cell activation, fueling autoimmune

responses targeting pancreatic b-cells. Beyond HLA, numerous

non-HLA genes, including PTPN22, CTLA4, IL2RA, FOXP3, and

INS, further modulate immune responses, influencing T-cell

activation, immune tolerance, and cytokine regulation,

contributing cumulatively to genetic predisposition (33, 34). Yet,

these known genetic loci explain only a fraction of the observed

T1D heritability, underscoring the existence of additional

susceptibility genes involved in metabolic and inflammatory

regulation, particularly within newly explored regulatory systems,

such as the endocannabinoid system (ECS) (1, 3).

The ECS consists of endocannabinoids (e.g., anandamide and 2-

arachidonoylglycerol [2-AG]), cannabinoid receptors (CB1, CB2),

transient receptor potential vanilloid channels (TRPV1), and

enzymes responsible for endocannabinoid metabolism (FAAH,

MAGL, DAGL). Recent evidence indicates that genetic variations

in ECS components may profoundly influence susceptibility to

autoimmune conditions, including T1D (1, 3, 25). ECS genes

harbor functional polymorphisms that can critically modulate

receptor expression levels, ligand availability, downstream

signaling efficiency, and overall immunoregulatory capacities, thus

significantly impacting autoimmune disease susceptibility (16, 36).

Genetic variations in the CB2 receptor gene (CNR2) hold

particular relevance due to CB2’s essential immunoregulatory

functions. CB2 receptors, primarily expressed on immune cells,
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control inflammatory processes by suppressing pro-inflammatory

cytokine release and promoting regulatory T-cell (Treg) stability.

Polymorphisms such as rs35761398 and rs2501432 in CNR2

markedly reduce receptor expression and signaling efficacy (36),

diminishing CB2’s anti-inflammatory capabilities. The resultant

immunoregulatory impairment predisposes carriers of these

variants to increased inflammation and autoimmunity, notably by

compromising Treg-mediated peripheral tolerance (16).

Consequently, individuals harboring CNR2 risk alleles face an

elevated risk of autoimmune destruction of pancreatic b-cells,
which may accelerate T1D onset and severity (1).

Similarly, genetic variants in the CB1 receptor gene (CNR1),

exemplified by rs1049353, modulate receptor activity and alter

metabolic and inflammatory signaling cascades (6, 22).

Dysregulated CB1 signaling contributes significantly to metabolic

inflammation, insulin resistance, and cytokine dysregulation,

thereby creating a persistent inflammatory milieu conducive to

autoimmune activation (31). Overactivation of inflammatory

pathways through abnormal CB1 signaling promotes autoreactive

T-cell activation and b-cell stress, thereby increasing the

susceptibility to T1D progression, especially in genetically

predisposed individuals (1).

Moreover, polymorphisms within TRPV1 gene channels

further compound genetic susceptibility. TRPV1 channels are

critical calcium-permeable cation channels abundantly expressed

in pancreatic b-cells, intestinal epithelial cells, and immune cells

(17, 18, 37). Specific variants, such as rs8065080, alter TRPV1

receptor sensitivity and channel gating properties, profoundly

affecting cellular calcium homeostasis (17, 18). Disturbed calcium

influx resulting from TRPV1 dysfunction enhances endoplasmic

reticulum stress, mitochondrial dysfunction, and apoptosis in

pancreatic b-cells, undermining cellular integrity and increasing

vulnerability to autoimmune destruction (15, 24). Furthermore,

impaired TRPV1 activity in intestinal epithelial cells compromises

barrier integrity, amplifying intestinal permeability and

exacerbating systemic inflammation, thus connecting genetic

susceptibility directly to dysregulated ECS-mediated barrier

functions and immune dysregulation (17, 18).

Enzymatic components of the ECS, such as FAAH and MAGL,

also harbor influential genetic polymorphisms that significantly

modify endocannabinoid tone by regulating anandamide and 2-

AG metabolism. For instance, FAAH polymorphism rs324420

(C385A) results in reduced enzymatic activity, elevating systemic

anandamide levels and disturbing immune homeostasis (14, 38).

Elevated endocannabinoid levels disrupt normal immune

regulatory networks, skew cytokine production toward pro-

inflammatory phenotypes, and impair Treg differentiation,

thereby heightening autoimmune susceptibility in genetically

predisposed individuals (16).

Importantly, ECS-related gene polymorphisms do not act in

isolation; rather, they intricately interact epistatically with classical

autoimmune genetic factors, amplifying autoimmune susceptibility.

Notably, interactions between CB2 receptor variants (CNR2) and

the FOXP3 gene, critical for Treg cell differentiation and stability,

have significant consequences (16, 25). Impaired CB2 signaling
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coupled with FOXP3 risk variants synergistically reduces Treg-

mediated immune regulation, dramatically lowering thresholds

required for autoimmune disease initiation. Similarly, epistatic

interactions between CB1 receptor polymorphisms (CNR1) and

PTPN22, a gene influencing T-cell receptor signaling, exacerbate

autoreactive T-cell activation, inflammatory cytokine release, and

metabolic dysregulation (1), further enhancing autoimmune

vulnerability. TRPV1 variants interacting with polymorphisms in

the IL2RA gene disrupt IL-2 signaling crucial for Treg stability and

function, tipping immune balance toward pro-inflammatory Th17

dominance, thereby intensifying autoimmune pathology and

pancreatic b-cell destruction (16, 17).

Collectively, ECS gene polymorphisms appear to modulate

autoimmune susceptibility by acting as genetic integrators or “shock

absorbers,” buffering genetic predispositions to autoimmunity under

normal physiological conditions (25, 39). Healthy ECS functionality

preserves immune homeostasis, reduces inflammation, and maintains

metabolic stability, counteracting genetic predispositions toward

autoimmune responses (1). However, sustained environmental

triggers, notably gut dysbiosis (3, 16) and chronic inflammation,

overwhelm ECS protective capacities, causing receptor desensitization

and ECS dysfunction. This critical transition point removes ECS-

mediated protective buffering, fully unveiling autoimmune genetic

predispositions and precipitating clinical autoimmune diabetes (36).

The ECS thus represents a vital integrative genetic node,

bridging classical autoimmune susceptibility genes with metabolic

and inflammatory regulation (22, 31). Therapeutically targeting

ECS signaling through pharmacological modulation of receptor

activity or endocannabinoid metabolism could potentially restore

ECS functionality, thus reestablishing immune homeostasis and

significantly reducing autoimmune disease risk in genetically

susceptible populations (40, 41). Further research elucidating

precise molecular mechanisms underlying these genetic

interactions and ECS functionality is critical for developing

effective preventive strategies and targeted interventions in T1D

and other autoimmune diseases (29, 36).

While ECS-related genetic polymorphisms alone may not be

sufficient to initiate autoimmunity, they appear to function as

amplifiers of risk in the context of environmental or microbial

challenges (12, 35). For instance, carriers of both CNR2 and TRPV1

variants who experience early-life dysbiosis or chronic low-grade

inflammation may cross a biological threshold of ECS dysfunction

more rapidly than non-carriers (29, 36). This combinatorial effect

between genotype and environment aligns with the “two-hit

hypothesis” (19) and suggests that ECS polymorphisms may serve

as predictive markers for personalized risk stratification in T1D and

related autoimmune diseases (42).
Environmental triggers, gut dysbiosis,
and ECS dysfunction

Despite a significant genetic predisposition underlying type 1

diabetes (T1D), environmental factors are essential in triggering the

manifestation of clinical autoimmunity, effectively translating latent
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genetic risk into overt disease (34, 43). The interplay between

genetic susceptibility and environmental stimuli is particularly

evident within the proposed endocannabinoidome-microbiota

(ECBoM) framework (3, 4). Environmental triggers operate

primarily by perturbing gut microbiota composition and diversity,

initiating a cascade of microbial imbalance termed dysbiosis (2, 28).

Gut dysbiosis subsequently disrupts endocannabinoid system (ECS)

homeostasis, facilitating autoimmune activation through receptor

overstimulation, chronic inflammation, barrier dysfunction, and

impaired immune regulation (8, 12, 42).

The human gut microbiome is a dynamic and delicately

balanced ecosystem sensitive to external perturbations. Factors

pervasive in modern lifestyles—such as inappropriate antibiotic

usage, chronic psychological stress, dietary patterns high in

processed foods and refined sugars, cesarean deliveries, and early-

life exposure to infant formulas—profoundly alter gut microbiota

structure and function (28, 33). Antibiotics, especially during

critical developmental windows, significantly reduce microbial

diversity, selectively eliminating beneficial SCFA-producing

bacterial species (e.g., Faecalibacterium prausnitzii, Roseburia

intestinalis) and facilitating the proliferation of opportunistic

pathogens (30, 44). Such disturbances limit the production of

protective metabolites like short-chain fatty acids (SCFAs), crucial

mediators of intestinal barrier integrity, immune tolerance, and ECS

regulation (3, 4, 10).

Similarly, dietary factors typical ofWestern diets—characterized by

excessive intake of saturated fats, refined carbohydrates, and artificial

additives—promote microbial shifts toward pro-inflammatory

bacterial populations (4, 10). These dietary habits enhance intestinal

permeability (“leaky gut”) by downregulating epithelial tight junction

proteins via reduced SCFA levels and increased inflammatory

mediators (11, 13). Consequently, disrupted intestinal barriers permit

translocation of microbial-derived endotoxins (lipopolysaccharides,

LPS), dietary antigens, and other immunostimulatory compounds

into systemic circulation, initiating sustained low-grade systemic

inflammation (43, 45). Furthermore, early-life nutritional exposures,

particularly the replacement of human breast milk with artificial infant

formulas, profoundly influence gut microbiome colonization. Breast

milk provides bioactive components, including human milk

oligosaccharides (HMOs), immunoglobulins, and essential fatty acids,

that promote microbiota maturation and ECS homeostasis (19, 34).

Formula feeding, devoid of these natural microbiota-regulating

components, predisposes infants to gut dysbiosis, potentially

heightening autoimmune risk later in life (28, 30).

Chronic psychological stress, increasingly prevalent in modern

society, also significantly modulates gut microbiota composition

and diversity through neuroendocrine pathways, particularly the

hypothalamic-pituitary-adrenal (HPA) axis (13). Stress-induced

cortisol elevations directly influence gut microbial populations,

reducing beneficial species and promoting inflammatory

microbiota profiles (10, 11). Consequently, chronic stress results

in microbiota-driven ECS dysregulation, amplifying intestinal

permeability, inflammation, and autoimmune susceptibility (3, 4).

Notably, modern societal lifestyles characterized by high stress,

poor dietary habits, and frequent antibiotic use converge to
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systematically erode microbiome resilience, creating a milieu highly

conducive to ECS dysregulation and subsequent autoimmune

disease initiation in genetically predisposed individuals (30, 34).

These microbiome disruptions directly influence ECS signaling,

initiating a maladaptive cycle of chronic ECS overstimulation,

particularly through elevated 2-arachidonoylglycerol (2-AG) levels

(3). Increased systemic exposure to microbial-derived endotoxins,

such as LPS, induces ECS hyperactivity primarily via the enhanced

expression and activity of diacylglycerol lipase (DAGL), responsible

for 2-AG synthesis (4, 23). Sustained elevation of 2-AG leads to

profound ECS receptor overstimulation, notably of TRPV1 and

CB1, triggering receptor desensitization and reduced signaling

efficacy (6, 17, 18). As previously detailed, rapid TRPV1

desensitization critically disrupts calcium homeostasis,

mitochondrial function, and cellular integrity within tissues

highly relevant to T1D pathogenesis, such as pancreatic b-cells
and intestinal epithelium (15, 17, 24).

This receptor-level dysfunction, secondary to persistent

environmental triggers, removes the protective buffering capacity

normally conferred by ECS signaling (46). Under healthy

conditions, ECS effectively mitigates inflammatory stressors,

preserves intestinal barrier integrity, and maintains immune

tolerance, thus preventing genetic susceptibility from translating

into clinical disease (7, 8, 42). However, persistent ECS dysfunction

resulting from chronic microbiota dysbiosis undermines these

protective capacities, leading to sustained immune activation and

loss of peripheral tolerance, thereby precipitating overt

autoimmune diabetes (3, 45).

Crucially, the interaction between environmental triggers, gut

dysbiosis, and ECS dysfunction exemplifies the concept of gene-

environment interaction within the ECBoM framework (3, 4).

Individuals genetically predisposed to T1D—particularly carriers of

HLA risk alleles and ECS-related genetic variants (e.g., CNR2,

TRPV1)—are inherently more vulnerable to environmental-

induced microbiota perturbations and subsequent ECS dysfunction

(29, 36). For these individuals, relatively modest environmental

insults, commonplace in modern lifestyles, may suffice to initiate

dysbiosis, ECS dysregulation, and progression toward clinical

autoimmunity. Conversely, in genetically resilient individuals,

identical environmental exposures might not elicit ECS dysfunction

or overt autoimmune manifestations, highlighting the critical

integrative role played by ECS genetics and microbiota composition

in determining individual autoimmune susceptibility (3, 45).

Given this integrative framework, preventive strategies focused on

minimizing environmental triggers and restoring microbiota-ECS

homeostasis are emerging as attractive interventions to mitigate

autoimmune risk (3, 4). Interventions such as dietary modifications

emphasizing microbiota-supportive nutrients (e.g., prebiotics,

probiotics, dietary fibers, omega-3 fatty acids) (10), phytocannabinoids

(46), reduction in unnecessary antibiotic prescriptions (28), stress

management techniques, and promotion of breastfeeding (44) could

significantly reduce microbiota dysbiosis, ECS overstimulation, and

subsequent autoimmune risk (26). These approaches, though intuitive

and scientifically grounded, demand extensive clinical validation (3). A

comparative overview of microbiota alterations, SCFA depletion, and
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barrier dysfunction across autoimmune diseases is provided in (Table 1).

Nonetheless, the inherent plasticity of gut microbiota and ECS signaling

pathways provides hope that proactive lifestyle interventions,

particularly during early life and in genetically at-risk populations,

could markedly alter autoimmune trajectories (45).

Future research must emphasize longitudinal studies and multi-

omics analyses designed to elucidate precise molecular mechanisms

linking specific environmental exposures, microbiota changes, and

ECS dysfunction (3, 10). Comprehensive characterization of

microbial metabolite profiles, ECS receptor expression patterns,

and systemic inflammatory markers in at-risk populations could

yield predictive biomarkers identifying individuals progressing

toward autoimmune disease (33, 35). Furthermore, developing

targeted therapeutic strategies aimed explicitly at preventing ECS

receptor desensitization (6) or reversing dysbiosis-induced ECS

dysfunction (4, 12) holds substantial promise for autoimmune

disease prevention and management.

In conclusion, environmental factors play an indispensable role

in manifesting latent genetic susceptibility to T1D through

mechanisms centered around gut dysbiosis and ECS dysfunction

(3, 13). The ECBoM framework provides an integrative perspective

illustrating how pervasive environmental influences, commonplace

in modern lifestyles, systematically degrade gut microbiome

resilience and ECS homeostasis, facilitating autoimmune disease

initiation and progression (4, 19). Effective interventions targeting

gut microbiota restoration and ECS stabilization represent critical

opportunities for reducing autoimmune risk, particularly in

genetically susceptible individuals, marking a promising frontier

in autoimmune disease prevention and management (28, 30).
ECS dysfunction across key tissues in
T1D pathogenesis

The endocannabinoid system (ECS) functions as a critical

regulator of physiological homeostasis across multiple tissues

implicated in type 1 diabetes (T1D) pathogenesis, including

pancreatic b-cells, intestinal epithelium, vascular endothelium,

and immune tissues (1, 25). Chronic ECS dysregulation, induced

primarily by persistent environmental triggers and gut dysbiosis,

profoundly compromises the physiological functions of these

tissues, promoting autoimmune activation and accelerating

disease progression (3, 8). Understanding tissue-specific ECS

dysfunction mechanisms is fundamental to fully appreciating the

integrative pathology proposed by the ECBoM hypothesis. Table 2

summarizes ECS-related receptor expression patterns and calcium

disturbances across tissues affected in autoimmune diseases.

Pancreatic b-cells are central to T1D pathogenesis due to their

unique susceptibility to autoimmune destruction. These insulin-

producing cells express functional ECS receptors, notably CB1,

CB2, and prominently TRPV1 channels, that modulate cellular

metabolism, insulin secretion, inflammation, and survival signaling

(1, 15). Under normal physiological conditions, ECS signaling,

especially via CB2 and TRPV1, provides essential regulatory input

that maintains b-cell viability, mitigates inflammatory stress, and
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stabilizes mitochondrial functions (32). However, chronic

elevation of 2-arachidonoylglycerol (2-AG), resulting from

dysbiosis-induced ECS hyperactivation, profoundly disrupts

these protective regulatory pathways (3). Persistent TRPV1

overstimulation rapidly induces receptor desensitization,

impairing critical calcium influx necessary for insulin secretion

and mitochondrial integrity (17, 24). Dysfunctional calcium

signaling destabilizes mitochondrial membranes, induces reactive

oxygen species (ROS) generation, and promotes endoplasmic

reticulum (ER) stress, activating apoptotic pathways within b-
cells. Concomitantly, reduced CB2 receptor responsiveness due to

receptor internalization exacerbates inflammation and diminishes

anti-inflammatory cytokine release (notably IL-10), rendering b-
cells vulnerable to autoimmune-mediated destruction (16, 25).

Thus, chronic ECS dysregulation directly amplifies b-cell stress,
dysfunction, and susceptibility to autoimmunity, critically

accelerating T1D progression.

ECS dysfunction similarly affects intestinal epithelial cells,

essential regulators of gut permeability, immune tolerance, and

systemic inflammation. Intestinal epithelia abundantly express CB2

and TRPV1 receptors, whose activation tightly controls intestinal

barrier integrity, epithelial regeneration, mucus secretion, and

antimicrobial peptide production (8, 17). Physiologically, ECS
Frontiers in Endocrinology 08179
signaling strengthens epithelial tight junction proteins, thereby

preserving barrier function and limiting systemic exposure to

luminal inflammatory stimuli (3). Dysbiotic microbiota

perturbations, however, elevate intestinal 2-AG levels, inducing

chronic ECS receptor desensitization, predominantly TRPV1 (3,

25). Impaired TRPV1 signaling disrupts calcium homeostasis,

directly compromising epithelial tight junction stability and

reducing mucus barrier functionality, significantly enhancing

intestinal permeability (17). Elevated intestinal permeability (leaky

gut) facilitates translocation of microbial components such as

lipopolysaccharides (LPS) and dietary antigens into systemic

circulation, triggering systemic inflammation and immune

dysregulation (11, 13). Additionally, ECS dysfunction reduces

epithelial regenerative capacity by limiting proliferation signaling,

impairing intestinal resilience, and exacerbating mucosal

inflammation (3, 22). These barrier disruptions perpetuate

systemic inflammation, directly linking gut ECS dysfunction to

autoimmune pathogenesis.

The vascular endothelium represents another critical tissue

profoundly impacted by ECS dysfunction. Endothelial cells express

abundant TRPV1 and cannabinoid receptors (especially CB2), which

regulate endothelial barrier permeability, leukocyte extravasation,

inflammatory signaling, and vascular homeostasis (3, 23). Under
TABLE 1 Alterations in gut microbiota and SCFA production across autoimmune diseases.

Disease

SCFA Levels
(Butyrate,
Acetate,

Propionate)

SCFA-Producing Bacteria
(Faecalibacterium,

Roseburia,
Bifidobacterium,
Lactobacillus)

Pro-Inflammatory Bac-
teria (Proteobacteria,

Escherichia-Shi-
gella, Bacteroides)

Tight Junction
Proteins
(Claudins

& Occludins)

Zonulin (Gut
Permeability

Marker)

Type 1
Diabetes
(T1D) (34, 43)

↓ Reduced ↓ Reduced ↑ Increased ↓ Reduced ↑ Elevated

Celiac Disease
(44, 47–49)

↓ Reduced ↓ Reduced ↑ Increased ↓ Reduced ↑ Elevated

Hashimoto’s
Thyroiditis
(50, 51)

↓ Reduced ↓ Reduced ↑ Increased ↓ Reduced ↑ Elevated

Rheumatoid
Arthritis (RA)
(52–54)

↓ Reduced ↓ Reduced ↑ Increased ↓ Reduced ↑ Elevated

Multiple
Sclerosis
(MS) (52)

↓ Reduced ↓ Reduced ↑ Increased ↓ Reduced ↑ Elevated

Systemic
Lupus
Erythematosus
(SLE) (55)

↓ Reduced ↓ Reduced ↑ Increased ↓ Reduced ↑ Elevated

Addison’s
Disease (13)

↓ Reduced ↓ Reduced ↑ Increased ↓ Reduced ↑ Elevated
This table summarizes the impact of gut microbiota composition, SCFA metabolism, and intestinal barrier integrity in autoimmune diseases. SCFA levels (butyrate, acetate, propionate) are
consistently reduced across all listed diseases, reflecting a decrease in beneficial bacteria such as Faecalibacterium, Roseburia, Bifidobacterium, and Lactobacillus. In contrast, pro-inflammatory
bacterial taxa (Proteobacteria, Escherichia-Shigella, Bacteroides) are elevated, which may contribute to chronic inflammation and immune dysregulation.
Tight junction proteins (claudins & occludins) are significantly reduced, indicating increased intestinal permeability (“leaky gut”), while zonulin levels are elevated, further supporting the
presence of compromised gut barrier function. These findings are particularly pronounced in T1D, celiac disease, and Hashimoto’s thyroiditis, where barrier dysfunction plays a key role in
disease pathogenesis. Similar patterns are observed in RA, MS, SLE, and Addison’s disease, underscoring gut permeability as a common factor in autoimmunity.
These data are derived from a combination of human clinical studies, animal models, and in vitro research. Further large-scale studies integrating microbiota profiling with functional markers of
gut permeability and inflammation are necessary to better understand the systemic effects of gut dysbiosis in autoimmune diseases.
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TABLE 2 ECS-related disturbances across autoimmune diseases.

MAGL
ycerol
)

CB1
Expression

CB2
Expression

TRPV1
Expression

TRPV2
Expression

Calcium
Level
(Blood)

eas, Gut)
↑ Increased
(Brain, Pancreas)

↓ Lowered
(Pancreas,
Immune Cells)

↓ Lowered
(Pancreas,
Gut, Thyroid)

↓ Lowered
(Pancreas,
Gut, Thyroid)

↓ Lowered

id)
↑
Increased
(Thyroid)

↑
Increased
(Thyroid)

↓
Lowered (Thyroid)

↓
Lowered (Thyroid)

↓ Lowered

ucosa)
↑ Increased
(Gut Mucosa)

↑ Increased
(Gut Mucosa)

↓ Lowered
(Gut Mucosa)

↓ Lowered
(Gut Mucosa)

↓ Lowered

ium)
↑
Increased
(Synovium)

↑
Increased
(Synovium)

↓ Lowered
(Joints, Synovium)

↓ Lowered
(Joints, Synovium)

↓ Lowered

,
↑ Increased
(Brain,
Spinal Cord)

↑ Increased (Brain,
Spinal Cord)

↓ Lowered (Brain,
Spinal Cord)

↓ Lowered (Brain,
Spinal Cord)

↓ Lowered

y, Skin)
↑ Increased
(Kidney, Skin)

↑ Increased
(Kidney, Skin)

↓ Lowered
(Kidney, Skin)

↓ Lowered
(Kidney, Skin)

↓ Lowered

al Gland)
↑ Increased
(Adrenal Gland)

↓ Lowered
(Adrenal Gland)

↓ Lowered
(Adrenal Gland)

↓ Lowered
(Adrenal Gland)

↓ Lowered

els, and in vitro experiments. Across conditions, disruptions in AEA, 2-AG, and receptor expression suggest a widespread role for ECS

, along with decreased CB2 in immune and pancreatic tissues, potentially contributing to b-cell dysfunction. Similar trends in ECS
ay influence gut permeability and thyroid autoimmunity.
, respectively, with increased CB1 expression and reduced TRPV1/2, pointing to a role in chronic inflammation. In systemic lupus
e dysregulation. Addison’s disease, primarily affecting adrenal function, shows reduced endocannabinoid levels and CB2 expression,

disturbances. While animal models provide valuable insights, further human studies are needed to clarify ECS’s role in autoimmunity
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Disease
Tissue

of Analysis
AEA 2-AG

FAAH (Fatty Acid
Amide Hydrolase)

(Monoacylg
Lipase

Type 1 Diabetes
(T1D) (15, 16)

Plasma,
pancreas,
immune cells

↓
Lowered

↑
Elevated

↓ Lowered (Pancreas, Gut) ↑ Increased (Panc

Hashimoto’s
Thyroiditis (51)

Thyroid, plasma
↓
Lowered

↑
Elevated

↓ Lowered (Thyroid) ↑ Increased (Thyr

Celiac Disease (29)
Small
intestine, plasma

↓
Lowered

↑
Elevated

↓ Lowered (Gut Mucosa) ↑ Increased (Gut

Rheumatoid Arthritis
(RA) (56)

Synovial
tissue, plasma

↓
Lowered

↑
Elevated

↓ Lowered (Synovium) ↑ Increased (Syno

Multiple Sclerosis
(MS) (57)

Brain, spinal
cord, plasma

↑
Elevated

↑
Elevated

No Change (Brain,
Spinal Cord)

No Change (Brain
Spinal Cord)

Systemic Lupus
Erythematosus
(SLE) (36)

Plasma,
immune cells

No
Change

↑
Elevated

↑ Increased (Kidney, Skin) No Change (Kidn

Addison’s Disease
(13, 16)

Adrenal
gland, plasma

↓
Lowered

↓
Lowered

↓ Lowered
(Adrenal Gland)

↓ Lowered (Adren

This table summarizes ECS-related biomarker alterations in autoimmune diseases, based on findings from human studies, animal mo
in immune regulation and metabolic homeostasis.
In type 1 diabetes (T1D), elevated 2-AG and reduced AEA levels coincide with increased CB1 expression in the brain and pancrea
dysregulation appear in celiac disease and Hashimoto’s thyroiditis, where altered endocannabinoid levels and receptor expression m
Rheumatoid arthritis (RA) and multiple sclerosis (MS) exhibit ECS disturbances in inflamed joints and the central nervous system
erythematosus (SLE), elevated 2-AG and altered CB1/CB2 expression suggest a complex interplay between ECS and systemic immu
implicating ECS in steroidogenesis and immune modulation.
Disruptions in calcium homeostasis across these conditions indicate a potential link between ECS dysfunction and broader metabolic
and its potential as a therapeutic target.
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physiological conditions, ECS signaling via CB2 and TRPV1

maintains endothelial integrity by stabilizing intercellular junctions,

limiting inflammatory mediator expression, and restricting leukocyte

trafficking (23). Persistent ECS overstimulation induced by chronic

microbial dysbiosis significantly impairs endothelial receptor

signaling, notably via TRPV1 receptor desensitization (17, 25). This

receptor-level dysfunction compromises calcium-dependent

endothelial barrier functions, increasing endothelial permeability

and facilitating immune cell infiltration into pancreatic islets and

intestinal tissues (23). Dysfunctional endothelial cells further amplify

local inflammatory responses by secreting chemokines (e.g., MCP-1)

and adhesion molecules (ICAM-1, VCAM-1), actively recruiting

autoreactive T-cells and macrophages into target tissues (23).

Consequently, vascular ECS dysfunction critically exacerbates

autoimmune inflammatory infiltration, significantly accelerating b-
cell destruction and overall disease progression.

Immune tissues and cells are similarly vulnerable to chronic

ECS dysfunction, profoundly affecting immune regulation and

autoimmune tolerance. Regulatory T-cells (Tregs), essential

suppressors of autoimmunity, depend heavily on ECS signaling,

especially CB2 activation, for their differentiation, stability, and

functional integrity (8, 25). Physiological ECS stimulation promotes

Treg induction through enhanced FOXP3 expression, stabilizes

immunosuppressive cytokine profiles (IL-10, TGF-b), and

restricts inflammatory Th17 cell differentiation (25, 29). However,

persistent ECS receptor overstimulation caused by chronic

microbiota-driven ECS hyperactivity induces receptor

desensitization (notably CB2), diminishing Treg differentiation,

stability, and function (16). The resultant depletion of functional

Tregs directly compromises immune tolerance, enabling

uncontrolled autoreactive T-cell activation and pro-inflammatory

cytokine release (IL-17, IL-23), critically fueling autoimmune

processes (16). Additionally, ECS dysfunction alters macrophage

polarization toward pro-inflammatory (M1) phenotypes,

exacerbating systemic inflammatory responses and further

amplifying tissue-specific autoimmune damage (8, 16, 29).

Importantly, ECS dysfunction across these tissues does not

occur in isolation; instead, it represents an interconnected

pathogenic cascade driven by chronic environmental and

microbial perturbations. For example, dysbiosis-induced gut ECS

dysfunction increases systemic inflammation and intestinal

permeability (3, 4, 12), exacerbating endothelial ECS impairment

(23, 42) and promoting immune infiltration into pancreatic islets (1,

15, 20). Concurrently, b-cell ECS dysregulation amplifies local

inflammatory responses (16, 58), increasing antigen exposure and

immune activation (8, 25). This self-sustaining, tissue-spanning

inflammatory cascade underscores ECS dysfunction as a central

integrative pathology within T1D.

Therapeutically targeting tissue-specific ECS dysfunction thus

offers compelling potential for interrupting disease progression.

Pharmacological interventions designed to prevent ECS receptor

desensitization (e.g., selective TRPV1 modulators or CB2 agonists)

could restore ECS signaling, preserving b-cell viability (15, 58),

intestinal barrier integrity (3, 42), endothelial function (23), and

immune tolerance (8, 16). Additionally, strategies targeting
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endocannabinoid metabolism enzymes (DAGL, MAGL) to

regulate systemic 2-AG levels (14, 22) may prevent chronic ECS

overstimulation, thereby interrupting pathogenic inflammatory

cascades (1, 4). Given ECS’s integrative regulatory capacity, these

targeted therapeutic interventions hold significant promise for

mitigating tissue-specific autoimmune damage, preserving

immune tolerance, and ultimately preventing or delaying clinical

diabetes manifestation.

In conclusion, ECS dysfunction across pancreatic b-cells, intestinal
epithelial cells, vascular endothelial cells, and immune tissues

constitutes a critical, integrative molecular pathology underpinning

T1D progression within the ECBoM hypothesis framework (1, 3).

Chronic ECS receptor desensitization—driven bymicrobiota dysbiosis-

induced ECS overstimulation—critically impairs tissue-specific

functions (4, 9), exacerbating inflammatory, metabolic, and

autoimmune pathologies (8, 42, 58). Elucidating tissue-specific ECS

dysregulation mechanisms provides compelling insights into

autoimmune diabetes pathogenesis and identifies novel therapeutic

targets aimed at preserving ECS functionality and preventing T1D

progression (15, 16).
Molecular pathology of ECS
dysfunction: receptor desensitization
and TRPV1 susceptibility

The prolonged elevation of endocannabinoid levels, particularly

2-arachidonoylglycerol (2-AG), contributes significantly to the

pathogenesis of type 1 diabetes (T1D) through mechanisms

involving desensitization of key receptors within the

endocannabinoid system (ECS) (22, 23). ECS receptors, including

cannabinoid receptor type 1 (CB1), cannabinoid receptor type 2

(CB2), and the transient receptor potential vanilloid type-1

(TRPV1) channel, orchestrate complex cellular signaling

pathways essential for immune regulation, inflammatory control,

and metabolic homeostasis (5, 6). Under physiological conditions,

ECS receptor activation is transient, followed rapidly by

mechanisms such as receptor phosphorylation, internalization,

and recycling, processes designed to prevent overstimulation and

cellular dysfunction (59). However, continuous receptor

stimulation through persistently elevated 2-AG levels (7) induces

chronic receptor desensitization (7, 9, 60). This maladaptive

phenomenon involves receptor phosphorylation mediated by

intracellular kinases, notably G protein-coupled receptor kinases

(GRKs), protein kinase C (PKC), and protein kinase A (PKA),

followed by b-arrestin binding, internalization, and eventual

receptor degradation or recycling impairment (16). As a result,

chronic receptor desensitization substantially reduces ECS signaling

efficacy, compromising the critical immunoregulatory and anti-

inflammatory actions exerted by these receptors (8). Although CB1,

CB2, and TRPV1 all respond to elevated 2-AG levels, experimental

studies consistently demonstrate that TRPV1 is the most susceptible

to rapid desensitization, followed by CB1 and CB2 in descending

order of sensitivity (15–17).
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Significantly, ECS receptors exhibit marked differences in their

vulnerability to prolonged agonist exposure. Among these, the

TRPV1 receptor displays the highest susceptibility and the fastest

kinetics of desensitization when persistently activated by elevated 2-

AG (17). TRPV1, unlike CB1 and CB2, is a calcium-permeable cation

channel rather than a classical G protein-coupled receptor (15). Upon

activation, TRPV1 channels induce immediate calcium influx,

triggering intracellular kinase cascades and subsequent receptor

phosphorylation, rapidly reducing channel responsiveness (16).

Experimental evidence consistently demonstrates that prolonged

exposure to elevated 2-AG concentrations causes a swift decline in

TRPV1 activity, profoundly disrupting calcium homeostasis and

subsequent intracellular signaling pathways (15, 17).

The distinct sensitivity of TRPV1 to desensitization becomes

critically significant due to the receptor’s unique expression profile.

TRPV1 channels are abundantly expressed in several tissues central

to the ECBoM hypothesis of T1D pathogenesis, such as pancreatic

b-cells, intestinal epithelial cells, vascular endothelial cells, and

immune cell subsets (15, 17). Pancreatic b-cells, in particular,

depend extensively on finely tuned calcium signaling for their

metabolic function, insulin secretion, mitochondrial integrity, and

cellular survival (24). Chronic TRPV1 desensitization in these cells

disrupts essential calcium signaling, precipitating mitochondrial

dysfunction, endoplasmic reticulum stress, and enhanced

apoptotic susceptibility (16). This cellular vulnerability amplifies

b-cell susceptibility to inflammatory cytokines and autoimmune

attack, accelerating autoimmune destruction and progression

toward overt T1D (15).

Furthermore, intestinal epithelial cells, another tissue type

prominently expressing TRPV1, rely heavily on calcium-mediated

signaling for barrier maintenance and immunoregulatory functions

(17). Persistent desensitization of TRPV1 channels in intestinal

epithelia impairs calcium-dependent tight junction stability,

compromising intestinal barrier integrity (3). Such impairment

facilitates increased intestinal permeability, allowing the

translocation of bacterial antigens, lipopolysaccharides, and

inflammatory mediators into systemic circulation, further

exacerbating systemic inflammation and immune dysregulation

(11, 17, 19). Thus, the rapid desensitization of TRPV1 in the gut

represents a critical nexus linking gut dysbiosis-induced ECS

dysfunction with systemic autoimmune and inflammatory

responses central to T1D development.

In addition to TRPV1-mediated disruptions, accumulating

evidence highlights the pivotal role of mitochondrial cannabinoid

receptors (mtCB1 and mtCB2) in mediating intracellular stress

responses and metabolic reprogramming in target cells (6, 22).

Endocannabinoids, particularly 2-AG, readily diffuse across cellular

and organelle membranes due to their lipophilic nature,

accumulating in mitochondrial membranes (7). mtCB1 receptors,

expressed predominantly on the outer mitochondrial membrane

(OMM) and potentially also on the inner membrane (IMM),

modulate mitochondrial respiration, membrane potential (DYm),

and reactive oxygen species (ROS) generation (22). Persistent

stimulation of mtCB1 by elevated 2-AG impairs mitochondrial

oxidative phosphorylation, reduces ATP production, and promotes
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mitochondrial dysfunction—a pathological cascade especially

detrimental to pancreatic b-cells and immune cells reliant on

oxidative metabolism (15, 58). In b-cells, mtCB1 overstimulation

compromises mitochondrial integrity and calcium handling,

synergizing with TRPV1 desensitization to intensify apoptotic

vulnerability and impair insulin secretion (58). In immune cells,

ECS-mediated mitochondrial reprogramming shifts cellular

metabolism toward glycolysis, inhibiting Treg stability and

favoring pro-inflammatory phenotypes (e.g., Th17 and M1

macrophages), thereby exacerbating immune imbalance (8, 25).

Similarly, mtCB2 receptors may influence mitochondrial survival

pathways and ROS buffering in macrophages and dendritic cells,

with dysfunctional mtCB2 signaling contributing to impaired M2

polarization and excessive pro-inflammatory activation (25). These

findings underscore the role of ECS-driven mitochondrial

dysfunction as a central mechanism coupling chronic

endocannabinoid elevation with immune and metabolic

dysregulation in T1D pathogenesis.

Similar mechanisms pertain to vascular endothelial cells, which

prominently express TRPV1 channels and utilize calcium influx to

regulate vascular permeability, endothelial cell survival, and

leukocyte trafficking (23, 61). Chronic TRPV1 desensitization

within endothelial cells compromises endothelial integrity,

enhancing leukocyte extravasation into target tissues, notably

pancreatic islets. Such augmented immune cell infiltration

substantial ly increases local inflammation, promoting

autoimmune activation and pancreatic b-cell destruction, thus

actively contributing to the autoimmune pathogenesis of T1D

(23, 62).

In the face of chronic TRPV1 desensitization, the ECS attempts

to maintain physiological homeostasis through compensatory

adjustments involving cannabinoid receptors CB1 and CB2 (25,

40). Initially, CB2 receptors exert significant anti-inflammatory and

immunosuppressive effects, supporting regulatory T-cell stability

and limiting pro-inflammatory cytokine release (8, 25). However,

persistent ECS overstimulation eventually leads to compensatory

CB2 receptor desensitization and functional impairment,

diminishing this anti-inflammatory response (56). Concurrently,

CB1 receptor activity becomes dysregulated, amplifying metabolic

dysfunction and inflammatory signaling (22). Ultimately, this

progressive receptor dysfunction erodes ECS buffering capacity,

tipping immunological equilibrium from regulated tolerance

toward autoimmunity and overt inflammation (46).

Recognizing the central role of receptor desensitization—

especially the particular vulnerability of TRPV1—offers

compelling therapeutic implications. Therapeutic strategies aimed

at stabilizing TRPV1 receptor responsiveness without provoking

chronic desensitization could prevent the downstream cellular and

physiological consequences described above (16, 17). For instance,

selective TRPV1 modulators, including partial agonists or

antagonists designed to stabilize receptor function, may represent

novel therapeutic interventions (17). Additionally, targeted

modulation of endocannabinoid metabolism—specifically,

inhibiting enzymes such as diacylglycerol lipase (DAGL) or

monoacylglycerol lipase (MAGL)—to reduce chronic 2-AG
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elevation could represent another promising strategy to prevent

receptor overstimulation and subsequent desensitization (14, 46).

Future research should prioritize detailed elucidation of TRPV1

desensitization dynamics, intracellular molecular cascades, receptor

recycling pathways, and strategies to pharmacologically modulate

receptor activity effectively (14, 17). Longitudinal studies employing

advanced multi-omics approaches to profile ECS receptor

expression and function in genetically predisposed or high-risk

populations may identify early markers predictive of T1D

progression (3, 36). Integration of these findings into clinical

practice could facilitate targeted early interventions designed to

stabilize ECS signaling, delay or prevent autoimmune progression,

and ultimately improve clinical outcomes in genetically susceptible

individuals (7, 25).

In conclusion, ECS receptor desensitization—highlighted by the

unique sensitivity of TRPV1 to chronic 2-AG overstimulation—

represents a pivotal molecular pathology within the ECBoM model

of T1D pathogenesis (14, 17). Addressing this receptor-specific

desensitization therapeutically could provide powerful strategies for

restoring ECS homeostasis, preserving immune-metabolic

regulation, and ultimately preventing or delaying the clinical

manifestation of autoimmune diabetes (3, 7, 25).
Immunological escalation & loss of
tolerance

Autoimmune diabetes emerges through a progressive escalation

of immune dysregulation characterized by compromised peripheral

tolerance, aberrant immune cell activation, and chronic

inflammatory cascades targeting pancreatic b-cells (63, 64).

Central to this pathological progression is the chronic

dysregulation of the endocannabinoid system (ECS), critically

modulated by gut microbiota-derived short-chain fatty acids

(SCFAs), particularly butyrate, and endocannabinoids, notably 2-

arachidonoylglycerol (2-AG) (3, 65). The dysbiotic gut

environment, featuring marked reductions in beneficial butyrate-

producing bacterial species, results in diminished SCFA availability

and consequent intestinal ECS dysregulation, laying the foundation

for sustained systemic inflammation and profound immunological

disturbances integral to autoimmune escalation and loss of immune

tolerance (66).

Under physiological conditions, SCFAs—particularly butyrate

—derived from beneficial gut microbial metabolism exert potent

immunomodulatory effects within intestinal mucosa, enhancing

regulatory T-cell (Treg) differentiation and stability, promoting

anti-inflammatory cytokine production (IL-10, TGF-b), and

supporting epithelial barrier integrity (67, 68). These effects are

critically mediated through activation of peroxisome proliferator-

activated receptors (PPARs), primarily PPARg, expressed in

immune cells, intestinal epithelia, and vascular endothelial cells

(69, 70). PPARg signaling enhances Treg induction via

transcriptional upregulation of FOXP3, mitigates inflammatory

cytokine expression, and fortifies epithelial tight junctions (70).

Butyrate and other SCFAs thus represent pivotal microbiota-
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derived mediators linking microbiota composition directly to

systemic immune homeostasis (70).

Chronic microbiota dysbiosis, however, characterized by

substantial depletion of butyrate-producing bacteria (such as

Faecalibacterium prausnitzii, Roseburia intestinalis) drastically

diminishes SCFA availability, critically reducing PPARg signaling,

Treg differentiation, and epithelial barrier integrity (71, 72).

Reduced SCFA levels directly exacerbate intestinal permeability,

increasing the systemic translocation of luminal antigens and

microbial endotoxins, particularly lipopolysaccharide (LPS), thus

significantly amplifying inflammatory signaling via toll-like

receptors (TLR4) and nuclear factor-kappa B (NF-kB) pathways

(70, 73). Concurrently, decreased PPARg signaling impairs immune

regulatory networks, facilitating a shift from protective Treg-

dominated responses toward pathogenic Th17 cell responses,

intensifying systemic inflammation and autoimmunity (70).

Critically, reduced SCFA levels and heightened systemic LPS

influx result in ECS dysregulation, primarily through profound

alterations in intestinal and systemic endocannabinoid profiles,

notably elevated 2-AG levels (12, 74). Elevated LPS robustly

induces diacylglycerol lipase (DAGL) activity, enhancing 2-AG

synthesis, contributing to persistent ECS receptor overstimulation

(particularly TRPV1 and CB1) (14, 75). As previously discussed,

chronic ECS receptor overstimulation leads to receptor

desensitization and impaired downstream signaling in intestinal

epithelial cells and immune cells, exacerbating gut barrier

dysfunction, immune cell activation, and pro-inflammatory

cytokine production (76).

Moreover, chronic inflammation within immune compartments

further amplifies 2-AG overproduction. Monocytes, macrophages, and

dendritic cells exposed to persistent inflammatory stimuli—particularly

LPS—upregulate DAGL-b, the enzyme primarily responsible for

peripheral 2-AG synthesis (7, 8). This leads to sustained paracrine

and autocrine 2-AG signaling in immune microenvironments.

Although CB2 activation by 2-AG typically exerts anti-inflammatory

effects (25, 40), chronic overexposure may paradoxically impair CB2

receptor responsiveness, disrupt Treg differentiation, and favor Th1/

Th17 skewing (8, 29), thus undermining immune regulation and

accelerating autoimmunity. This feedback loop of inflammatory ECS

amplification represents a crucial, yet underrecognized, axis of immune

escalation and tolerance breakdown in T1D (1, 16).

The resultant ECS dysfunction significantly impairs local

intestinal immune homeostasis, particularly compromising Treg

induction, stability, and suppressive functionality (8, 25). Reduced

CB2 receptor responsiveness critically diminishes Treg

differentiation by limiting FOXP3 transcriptional activation and

anti-inflammatory cytokine secretion, impairing peripheral

tolerance (29, 40). Furthermore, ECS dysfunction disrupts

macrophage polarization, skewing macrophage profiles toward

pro-inflammatory (M1) phenotypes characterized by elevated

secretion of TNF-a, IL-1b, and IL-6, thereby intensifying local

and systemic inflammatory responses (1, 46). Simultaneously,

impaired ECS signaling shifts dendritic cells (DCs) toward

immunostimulatory phenotypes, enhancing their antigen-

presenting capacity and promoting autoreactive T-cell activation,
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particularly pathogenic Th17 cells producing IL-17 and IL-23 (25,

56). This pro-inflammatory shift critically weakens mucosal

tolerance mechanisms, facilitating systemic autoimmunity (8, 22).

Concurrently, ECS dysregulation profoundly impacts vascular

endothelial cells in intestinal mucosa, impairing endothelial barrier

functions and exacerbating leukocyte trafficking into peripheral

tissues (1, 23). Endothelial dysfunction mediated through TRPV1

desensitization critically amplifies leukocyte extravasation by

upregulating endothelial adhesion molecules (ICAM-1, VCAM-1)

and inflammatory chemokines (e.g., MCP-1), thus actively

recruiting autoreactive lymphocytes and macrophages to

pancreatic islets and intestinal tissues (17, 62). Enhanced

leukocyte infiltration triggers local inflammatory cascades

characterized by cytokine production (IFN-g, IL-17, TNF-a),
cytotoxic T-cell activation, and tissue-specific autoimmune

responses targeting insulin-producing b-cells (1, 8).
Ultimately, sustained inflammatory cascades driven by

impaired ECS and diminished SCFA-PPARg signaling culminate

in the progressive loss of immune tolerance (3, 10). Initial tolerance

breakdown manifests through diminished Treg activity, followed by

escalated autoreactive T-cell activation and clonal expansion (8, 25).

Chronic inflammatory stimuli further amplify autoreactive

lymphocyte populations, intensifying autoimmune responses

and irreversibly damaging pancreatic b-cells (1, 31). This

immunological escalation rapidly surpasses ECS’s remaining

compensatory capacities, firmly transitioning from latent

autoimmune processes to overt clinical autoimmune diabetes

(4, 43).

Therapeutically, targeting critical nodes within this

immunological escalation pathway—such as enhancing SCFA

availability, augmenting PPARg activation, or pharmacologically

restoring ECS receptor responsiveness—represents promising

strategies to restore immune homeostasis and peripheral tolerance

(3, 10). Dietary and probiotic interventions specifically designed to

replenish SCFA-producing microbiota populations could

significantly bolster mucosal Treg induction and reinforce

epithelial barrier integrity (27, 28). Similarly, pharmacological

agents directly activating PPARg signaling, or selective ECS

modulators aimed at stabilizing receptor responsiveness (e.g., CB2

agonists, TRPV1 partial modulators, inhibitors of 2-AG synthesis

enzymes), could effectively restore local ECS signaling, reducing

inflammation, preserving mucosal immune homeostasis, and

preventing autoimmune progression (1, 25, 40).

Future studies should emphasize detailed mechanistic

characterization of SCFA-PPARg-ECS interactions in genetically

predisposed or at-risk populations, employing advanced multi-

omics approaches (3, 10). Longitudinal profiling of SCFA levels,

ECS receptor activity, immune cell differentiation, and cytokine

responses may identify predictive biomarkers capable of

distinguishing individuals progressing toward overt autoimmune

diabetes (25, 33). Integration of these predictive biomarkers into

clinical practice could enable early, targeted preventive

interventions aimed explicitly at restoring ECS and immune

homeostasis, ultimately improving clinical outcomes in genetically

susceptible populations (4, 28).
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In conclusion, immunological escalation and loss of peripheral

tolerance in T1D fundamentally involve chronic microbiota-driven

depletion of beneficial SCFA-producing bacterial populations,

reduced PPARg signaling, subsequent ECS dysregulation, and

sustained inflammatory cascades (3, 8, 10). Addressing SCFA-

ECS-immune interactions thus represents a compelling

therapeutic approach for restoring immunological balance,

preventing autoimmune escalation, and delaying or even

reversing the progression of clinical autoimmune diabetes (1, 4, 25).
Parallels to other autoimmune
disorders

Type 1 diabetes (T1D) frequently coexists with a well-

established cluster of autoimmune conditions, notably celiac

disease (CD), Hashimoto’s thyroiditis (HT), Addison’s disease

(AAD), and rheumatoid arthritis (RA). While each disease

presents unique clinical manifestations and targets distinct tissues,

accumulating evidence underscores shared molecular disturbances

involving the endocannabinoid system (ECS), particularly

alterations in transient receptor potential vanilloid channels

(TRPV1 and TRPV2), cannabinoid receptor type 2 (CB2), and

underlying genetic susceptibility (29, 42, 56). Identifying common

ECS-mediated mechanisms and genetic predispositions elucidates

critical integrative pathways that potentially drive autoimmune

processes across these conditions, reinforcing the plausibility of

the ECBoM hypothesis in T1D pathogenesis (25, 40).

Among these shared molecular mechanisms, the prominence of

TRPV channels, particularly TRPV1 and TRPV2, is striking.

TRPV1 and TRPV2 are calcium-permeable, nonselective cation

channels abundantly expressed in endocrine and exocrine

tissues, where regulated calcium influx is essential for proper

cellular function, survival, and secretion (17, 24). Crucially,

sustained elevations in endocannabinoid levels, notably 2-

arachidonoylglycerol (2-AG), common in dysbiotic and

inflammatory states, render these channels vulnerable to

rapid receptor desensitization (22, 46). Chronic TRPV1/2

desensitization disrupts calcium homeostasis, mitochondrial

integrity, endoplasmic reticulum function, and cellular survival

pathways, thereby critically compromising the viability of

hormone-producing and barrier-regulating cells within affected

tissues (29, 42).

Celiac disease, frequently co-occurring with T1D, exemplifies

this phenomenon. CD is characterized by autoimmune-mediated

intestinal epithelial damage driven by gluten exposure, substantially

impairing gut barrier function (47, 48). Significantly, intestinal

epithelial cells in CD exhibit high TRPV1 expression, rendering

them particularly sensitive to chronic ECS overstimulation and

rapid receptor desensitization upon elevated 2-AG exposure (42,

46). TRPV1 dysfunction within intestinal epithelial cells impairs

calcium-dependent regulation of tight junction proteins, mucus

secretion, and epithelial regenerative capacity, exacerbating

intestinal permeability and systemic inflammation (9, 29).

Concurrently, reduced CB2 receptor expression in CD further
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compounds immunological dysregulation, limiting anti-

inflammatory and regulatory T-cell induction crucial for mucosal

tolerance (42, 56). These ECS disturbances align precisely with

mechanisms proposed for T1D, emphasizing shared ECS-mediated

vulnerabilities between CD and T1D (49).

Hashimoto’s thyroiditis, another common autoimmune

disorder co-occurring with T1D, further highlights shared ECS

dysfunction involving TRPV1/2 and CB2 receptors. The thyroid

gland exhibits abundant expression of TRPV1 and TRPV2

channels, critical for calcium-regulated thyroid hormone

synthesis, secretion, and epithelial cell survival (17, 61). Chronic

inflammation observed in HT corresponds with significantly

elevated 2-AG levels and subsequent TRPV1 receptor

overstimulation, leading to rapid receptor desensitization,

disrupted calcium homeostasis, mitochondrial dysfunction, and

thyroid follicular cell apoptosis (1, 17). Genetic analyses in HT

populations have identified polymorphisms in the TRPV1 gene

(e.g., rs8065080), potentially linking impaired receptor function to

increased thyroid autoimmunity risk (17, 50). Concurrent CB2

receptor dysregulation reduces anti-inflammatory signaling within

thyroid tissue, perpetuating inflammatory processes (25, 56). Thus,

thyroid ECS dysregulation parallels mechanisms seen in pancreatic

b-cells in T1D, supporting a shared pathogenic ECS model.

Similarly, autoimmune Addison’s disease, characterized by

autoimmune-mediated destruction of adrenal cortical tissue,

provides further compelling evidence of shared ECS-related

autoimmune vulnerabilities. Adrenal cortical cells critically rely

on TRPV1 and TRPV2 channels for regulated calcium influx,

essential for steroidogenesis and mitochondrial energy production

(17, 61). Chronic systemic inflammation and elevated

endocannabinoid levels in AAD patients contribute significantly

to rapid TRPV receptor desensitization and impaired calcium

signaling (1, 46). Dysfunctional calcium homeostasis within

adrenal cortical cells triggers mitochondrial dysfunction, ROS

accumulation, and apoptosis, accelerating autoimmune-mediated

adrenal damage. Genetic susceptibility studies in autoimmune

adrenalitis patients have also highlighted polymorphisms in ECS-

related genes, including CNR2 and TRPV1, suggesting shared ECS-

driven genetic predispositions among these autoimmune disorders,

further aligning with T1D susceptibility profiles (25, 50, 56).

Rheumatoid arthritis, although less commonly associated with

T1D, demonstrates significant ECS dysregulation, particularly

involving TRPV1/2 and CB2 receptors within synovial tissues.

Synovial fibroblasts and inflammatory infiltrating immune cells

abundantly express TRPV channels, whose chronic desensitization

due to elevated 2-AG significantly disrupts calcium signaling, cellular

proliferation, apoptosis regulation, and inflammatory mediator

production (17, 22). Synovial inflammation and joint destruction in

RA directly correlate with ECS dysregulation and diminished CB2

receptor responsiveness, exacerbating inflammatory cytokine release

(IL-17, IL-6, TNF-a), leukocyte recruitment, and chronic tissue

damage (16, 56). Genetic predisposition studies in RA have similarly

identified variants in ECS-related genes (e.g., FAAH, TRPV1), further

supporting the integrative role of ECS genetics in autoimmune

vulnerability (12, 17).
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These examples clearly demonstrate ECS dysregulation,

particularly chronic TRPV1/2 receptor desensitization, calcium

signaling disruption, and impaired CB2-mediated immune

regulation as common pathological features among T1D and

coexisting autoimmune disorders (16, 17, 56). Additionally, the

consistent observation of gut microbiota dysbiosis—characterized

by reduced SCFA/butyrate-producing populations, increased

intestinal permeability, and elevated systemic inflammation—

further reinforces ECS dysfunction across these diseases (10, 27,

43). Reduced intestinal SCFA availability critically diminishes

peroxisome proliferator-activated receptor gamma (PPARg)-
mediated immunoregulatory pathways, enhancing ECS

dysfunction and systemic autoimmune responses (3, 8, 12).

From a genetic perspective, autoimmune polyendocrine syndrome

type 2 (APS-2), characterized by coexistence of T1D, AAD, and HT,

strongly implicates shared genetic susceptibility loci involving ECS-

related genes. Genome-wide association studies (GWAS) have

identified overlapping susceptibility regions in these conditions,

notably within HLA regions but increasingly involving non-HLA

genes linked to immune regulation, calcium signaling, and ECS

pathways (CNR2, TRPV1 (17, 25, 56)). Polymorphisms in the

TRPV1 gene, such as rs8065080, have emerged as potential shared

susceptibility factors, critically modulating receptor function and

autoimmune vulnerability (16, 17). Epistatic interactions between

ECS-related polymorphisms (CNR2, TRPV1) and classical

autoimmune susceptibility loci (PTPN22, CTLA4, FOXP3) further

amplify autoimmune risk by synergistically impairing immune

tolerance and ECS functionality (3, 8).

In addition to the genetic and ECS-related receptor

vulnerabilities identified within affected endocrine and epithelial

tissues, autoimmune disorders such as T1D, celiac disease,

Hashimoto’s thyroiditis, Addison’s disease, and rheumatoid

arthritis share well-defined immunological predispositions

involving critical alterations in immune cell populations and

inflammatory signaling pathways. These common immunological

disturbances include compromised regulatory T-cell (Treg)

differentiation and function, heightened pro-inflammatory T-

helper 17 (Th17) responses (77), dysregulated macrophage

polarization, and increased antigen-presenting cell (APC)

activation (8, 29). Significantly, these immunological

abnormalities demonstrate profound interactions with ECS

signaling, reflected by altered endocannabinoid levels, specifically

increased 2-arachidonoylglycerol (2-AG) and reduced anandamide

(AEA), along with distinct receptor expression patterns of CB1,

CB2, TRPV1, and TRPV2 within immune cells (16, 22, 25, 40).

A central shared immunological dysfunction across these

autoimmune diseases involves impaired induction and stability of

regulatory T-cells (Tregs). Tregs, crucial for maintaining peripheral

immune tolerance and preventing autoimmune reactions, rely

substantially on ECS signaling, particularly via CB2 receptor

activation. CB2 receptor stimulation by AEA and, under

physiological conditions, balanced 2-AG levels significantly

promotes FOXP3 expression, enhances Treg differentiation, and

reinforces immunosuppressive cytokine secretion (IL-10, TGF-b)
(8, 25). Chronic ECS dysregulation characterized by sustained
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elevations of 2-AG results in profound CB2 receptor

desensitization, diminishing Treg induction, suppressive function,

and survival (16, 40). These immunological consequences are

evident across T1D, CD, HT, AAD, and RA, where circulating

Treg numbers and functionality are consistently compromised,

correlating with increased autoimmune severity (29, 46).

Simultaneously, ECS dysfunction, especially CB2 receptor

impairment due to chronic overstimulation, exacerbates pro-

inflammatory T-helper 17 (Th17) cell responses, another critical

autoimmune mediator common among these conditions. Reduced

CB2-mediated signaling fails to restrain IL-17, IL-22, and IL-23

production, favoring Th17 cell differentiation, proliferation, and

pathogenic activity (8, 25). Elevated Th17 cell populations and

increased serum IL-17 and IL-23 concentrations are well-

documented across autoimmune disorders such as T1D, CD, HT,

AAD, and RA, highlighting a common ECS-mediated

immunological imbalance potentiated by chronic 2-AG elevation

and reduced CB2 signaling (16, 29, 46).

Further compounding these shared immunological

predispositions is dysregulated macrophage polarization toward

pro-inflammatory (M1) phenotypes driven by ECS dysfunction.

Under physiological conditions, CB2 receptor activation by

balanced endocannabinoid signaling promotes anti-inflammatory

macrophage (M2) polarization (25, 40). Chronic 2-AG-driven

receptor desensitization significantly disrupts this immunoregulatory

function, increasing M1 polarization characterized by excessive

secretion of TNF-a, IL-1b, and IL-6, intensifying tissue

inflammation and autoimmune pathology (8, 29). Elevated pro-

inflammatory macrophage populations and inflammatory cytokine

profiles consistently accompany T1D, CD, HT, AAD, and RA,

reflecting shared ECS-mediated immunological disturbances (16, 46).

Moreover, TRPV1 and TRPV2 receptor expression within

immune cells, including macrophages, dendritic cells, and T-

lymphocytes, represents an additional shared immunological

vulnerability across these autoimmune diseases. TRPV channels

mediate calcium-dependent immune cell activation, cytokine

secretion, and apoptosis regulation (17, 24). Chronic receptor

overstimulation, subsequent desensitization, and impaired

calcium signaling due to elevated 2-AG contribute directly to

dysregulated immune responses, APC hyperactivation, heightened

pro-inflammatory cytokine production, and defective immune cell

apoptosis, further amplifying autoimmune processes (22, 29).

TRPV receptor dysfunction has been documented within immune

cell populations in RA, HT, and CD (42, 50, 56), strongly suggesting

similar mechanisms occur within T1D and AAD (25, 56, 59).

Finally, genetic susceptibility studies in autoimmune

polyendocrine syndromes, particularly APS-2, consistently

highlight polymorphisms in genes affecting ECS receptor function

(CNR2, TRPV1) and immune regulatory genes (FOXP3, IL2RA,

PTPN22) (22, 29, 42). Epistatic interactions between ECS-related

polymorphisms and classical autoimmune susceptibility genes

collectively exacerbate autoimmune vulnerability by synergistically

impairing ECS-mediated immune regulation.

Taken together, these shared immunological disturbances—

impaired Treg differentiation, heightened Th17 activity, dysregulated
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macrophage polarization, APC hyperactivation, and ECS receptor

dysfunction—strongly support a unified ECS-mediated pathogenic

mechanism underlying autoimmune vulnerability across T1D, CD,

HT, AAD, and RA (8, 25, 29, 42, 56). This integrated immunological

perspective further substantiates the ECBoM hypothesis, highlighting

ECS restoration and microbiota-targeted interventions as promising

therapeutic avenues for autoimmune diseases collectively (4, 22, 46).

Therefore, ECS dysfunction—exemplified by rapid TRPV1/2

receptor desensitization, compromised calcium signaling, and

impaired CB2 immune regulation—represents a robust integrative

pathogenic node consistently shared among T1D and frequently

coexisting autoimmune disorders (8, 25, 29, 42, 56). Recognition of

these common ECS-related vulnerabilities provides compelling

evidence supporting the ECBoM hypothesis, suggesting that ECS

dysfunction critically contributes to autoimmune pathogenesis

across multiple disease contexts (22, 46).

Therapeutically, targeting ECS stabilization, microbiota

restoration, and SCFA-mediated immunoregulation could offer

substantial broad-spectrum benefits across these autoimmune

conditions. Interventions such as selective TRPV modulators,

CB2 receptor agonists, probiotics, dietary SCFA enrichment, and

PPARg activators could effectively interrupt autoimmune

progression, preserving ECS functionality and restoring immune

homeostasis (3, 8, 10, 25, 29, 40).

In summary, parallels in ECS dysfunction, TRPV receptor

expression, calcium signaling disturbances, microbiota dysbiosis, and

shared genetic susceptibility across T1D and commonly coexisting

autoimmune disorders (CD, HT, AAD, RA) strongly substantiate the

integrative ECBoM model. These findings underscore ECS’s central

role in autoimmune pathogenesis, providing novel insights and

potential therapeutic targets for managing autoimmune diseases

collectively (8, 25, 29, 42, 56). However, it is important to note that

much of the current evidence is derived from animal models and

observational studies. While strong mechanistic overlaps exist, the

extrapolation of these findings across disease contexts must be

approached with caution. ECS dysfunction in T1D may exhibit

unique characteristics not fully shared with other autoimmune

diseases. Therefore, further targeted research is essential to validate

the ECBoM hypothesis, confirm tissue-specific ECS alterations, and

establish causality in human cohorts.
Therapeutic potential: challenges &
opportunities

The endocannabinoid system (ECS), acting as a dynamic

interface between immune, metabolic, and neuronal networks,

presents a compelling therapeutic target in the context of type 1

diabetes (T1D). As evidenced by the ECBoM model, ECS

dysregulation—exemplified by chronic 2-arachidonoylglycerol (2-

AG) elevation, receptor desensitization (especially of TRPV1), and

downstream immune-metabolic dysfunction—constitutes a critical

axis in T1D pathogenesis (1, 8, 17, 40). However, therapeutic

manipulation of this complex system is fraught with both unique

challenges and transformative opportunities (22, 25).
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A primary challenge lies in the ligand promiscuity and

bidirectional nature of endocannabinoid signaling. While CB2

activation confers robust anti-inflammatory and tolerogenic effects,

CB1 stimulation—especially under chronic 2-AG excess—can

exacerbate metabolic and inflammatory disturbances (7, 22). TRPV1,

although protective under physiological stimulation, rapidly

desensitizes under persistent activation, leading to loss of barrier

integrity and mitochondrial dysfunction (17, 59). Moreover, ECS

receptors are expressed not only on plasma membranes but also on

mitochondrial membranes (mtCB1 and mtCB2), where they directly

influence mitochondrial bioenergetics, apoptosis regulation, and

reactive oxygen species (ROS) production (25, 40). This intracellular

dimension of ECS signaling introduces further complexity, as chronic

2-AG diffusion into the inner mitochondrial membrane (IMM) can

disrupt mitochondrial dynamics and compromise b-cell viability and

immune homeostasis (1, 58).

Another promising direction lies in the use of dietary fatty acid

precursors and lifestyle interventions to indirectly modulate ECS

tone. Omega-3 fatty acids, for instance, can serve as precursors for

endocannabinoid-like mediators (e.g., DHEA, EPEA) with anti-

inflammatory properties and reduced receptor desensitization risk

(4, 46). Preliminary data suggest these mediators may activate

PPAR pathways without overstimulating CB1 or TRPV1 (22, 63).

This opens the door to “nutritional ECS modulation,” particularly

in individuals where pharmacological targeting may be premature

or contraindicated. Combining these interventions with

microbiota-supportive dietary patterns may yield synergistic

effects, stabilizing both ECS and gut-derived immunoregulation

(10, 11).

Despite these challenges, several therapeutic entry points

emerge. One strategy involves rebalancing endocannabinoid tone

by selectively inhibiting 2-AG biosynthesis or degradation

pathways. For example, inhibition of diacylglycerol lipase

(DAGL), the primary enzyme responsible for 2-AG synthesis,

may attenuate receptor overstimulation and preserve CB2 and

TRPV1 responsiveness (7, 14). Conversely, monoacylglycerol

lipase (MAGL) inhibition, though anti-inflammatory in certain

contexts, risks exacerbating 2-AG overload if not precisely titrated

—highlighting the need for tissue-specific and temporally

controlled interventions (7, 46).

Another avenue focuses on receptor-specific pharmacological

modulation. CB2-selective agonists may restore peripheral immune

tolerance, enhance regulatory T-cell (Treg) stability, and suppress

pro-inflammatory cytokine release without inducing psychoactive

effects (8, 25, 40). Simultaneously, partial TRPV1 agonists may

stabilize channel function and prevent rapid desensitization,

preserving epithelial barrier integrity and mitochondrial calcium

signaling (17, 61). Additionally, novel ligands targeting mtCB1/2

receptors could regulate mitochondrial function in immune and b-
cells, opening new frontiers in intracellular immunometabolic

modulation (9, 23).

A complementary and potentially synergistic approach involves

dietary and microbiota-directed strategies. Restoring short-chain

fatty acid (SCFA) production—particularly butyrate—through

prebiotic supplementation, fecal microbiota transplantation
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(FMT), or colonization with next-generation probiotics (e.g.,

Faecalibacterium prausnitzii) can significantly enhance PPARg
activation (4, 10, 78). This, in turn, strengthens Treg

differentiation, tight junction integrity, and anti-inflammatory

cytokine profiles, indirectly stabilizing ECS signaling via the gut–

immune–endocannabinoid axis (3, 8). Enhancing SCFA–PPARg–
ECS crosstalk may prove especially beneficial in early-stage or pre-

symptomatic individuals with elevated genetic risk (33, 34).

Nevertheless, personalized ECS-targeted therapy remains a

formidable challenge. The ECS exhibits high interindividual

variability, influenced by genetic polymorphisms in ECS-related

enzymes and receptors , microbiota composit ion, and

environmental factors (35, 36, 41). Thus, successful therapeutic

intervention will likely require precision medicine frameworks,

integrating genetic, microbial, metabolomic, and ECS receptor

expression profiles to tailor intervention strategies (3, 46).

Furthermore, the psychoactivity of CB1 ligands and the

systemic immunomodulatory effects of ECS-targeted therapies

raise regulatory and ethical concerns, particularly in pediatric

populations (7, 40). Strategies to bypass these concerns include

developing non-psychoactive ECS modulators, optimizing targeted

delivery systems (e.g., nanoparticle-based gut-restricted

formulations), or focusing on peripheral CB2- and TRPV1-centric

pathways (17, 25, 29).

In conclusion, while ECS dysregulation presents considerable

therapeutic challenges in the context of T1D, it simultaneously

unveils unprecedented opportunities for targeted immune and

metabolic reprogramming (1, 46). Future research must strive to

refine ECS-targeted interventions, prioritize safety and tissue

specificity, and integrate ECS-modulating strategies with

microbiota restoration and immunometabolic suport (3, 4).

Through this integrative approach, it may become possible not

only to delay or halt autoimmune progression but also to restore a

measure of immune tolerance and metabolic stability in individuals

at risk for, or already diagnosed with, type 1 diabetes.
Future directions and experimental
validation

In light of the central role played by the endocannabinoid

system (ECS) in immune homeostasis, gut permeability, and

inflammatory regulation (4, 8), further studies are warranted to

investigate whether distinct biochemical signatures involving

endocannabinoids and their associated immunometabolic

markers can serve as predictors or modulators of autoimmune

progression in Type 1 Diabetes (T1D) (3, 28). This design will also

allow us to test the hypothesis that ECS dysregulation precedes

measurable metabolic dysfunction, acting as an early indicator

rather than a downstream consequence of b-cell loss (1, 20).
We propose a structured pilot study focused on the

simultaneous quantification of circulating endocannabinoids—

namely anandamide (AEA) and 2-arachidonoylglycerol (2-AG)—

alongside key immunometabolic and gastrointestinal biomarkers in

individuals with established T1D and in a comparative group of at-
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risk individuals, such as first-degree relatives of patients who test

positive for diabetes-related autoantibodies (1). The aim is to

explore whether dysregulation in ECS components correlates with

measures of glycemic control (HbA1c, C-peptide), systemic

inflammation (e.g., IL-6, TNF-a, IL-10, CRP) (8, 25), gut barrier
integrity (zonulin, claudin-1, occludin), ionomic balance (Na+, K+,

Ca²+, Mg²+, Cl-), and lipid metabolism (HDL, LDL, triglycerides,

total cholesterol) (22, 26).

Given the mounting evidence linking intestinal dysbiosis and short-

chain fatty acid (SCFA) depletion with ECS dysfunction, fecal samples

will be analyzed for SCFA profiles, particularly levels of butyrate,

propionate, and acetate, to establish potential associations between

microbial metabolites and systemic ECS status (3, 10, 26). Moreover,

assessment of zonulin and relatedmarkers of tight junction integrity will

allow for the correlation of gut permeability with circulating

inflammatory mediators and endocannabinoid tone (11, 13, 47).

As exploratory endpoints, the expression of CB1 and CB2

receptors at the mRNA level in peripheral blood mononuclear

cells may be investigated, offering insights into receptor regulation

under chronic inflammatory stress (23, 25, 56). This would allow

the identification of receptor expression profiles potentially

predictive of disease stage or progression.

To elucidate the temporal dynamics of ECS breakdown,

longitudinal cohort studies are necessary, particularly in individuals

at elevated risk for T1D but not yet diagnosed. Serial assessments of

endocannabinoid levels, inflammatory cytokines, SCFA

concentrations, and gut permeability markers over time would help

determine whether specific ECS-related alterations precede the clinical

onset of autoimmunity (4, 12, 19, 27). Likewise, follow-up studies in

long-duration T1D patients may provide valuable information about

ECS compensatory exhaustion, helping to delineate the tipping point

beyond which immunometabolic resilience is lost (7, 46). Identifying

this “immunological breaking point”may prove essential for designing

timely and individualized preventive interventions.

The proposed pilot design includes cross-sectional profiling in a

total of 70 individuals (50 with T1D and 20 at-risk), using multi-

analyte platforms such as LC-MS/MS for endocannabinoid

quantification and multiplex ELISA or Luminex for cytokine

profiling (23, 25). Stool samples will be analyzed via gas

chromatography for SCFA quantification, and RT-qPCR may be

employed to assess cannabinoid receptor gene expression (8, 42).

Blood samples will be collected in accordance with safe clinical

limits for non-therapeutic studies, ensuring participant safety while

allowing for the robust measurement of proposed biomarkers.

We envision that integrating ECS-specific biomarkers—such as 2-

AG and AEA levels—with immunological and gut-derived parameters

will not only refine our understanding of ECS involvement in T1D

pathogenesis but may also unveil predictive signatures useful for early

identification of at-risk individuals (8, 22, 28). Furthermore, the results

from this pilot study could lay the foundation for the development of a

broader ECS biomarker panel (ECBoM) capable of informing future

preventive or therapeutic strategies targeting immunometabolic

regulation in autoimmune diabetes (23, 25).

Ultimately, by focusing on non-interventional biomarker

profiling in well-defined and longitudinally monitored cohorts,
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this research aims to bridge the translational gap between

molecular ECS dysfunction and clinical T1D progression (3, 4,

25), opening new avenues for risk stratification, preventive

screening, and personalized immunometabolic assessment (12, 28).
Conclusions

The model presented here positions the endocannabinoidome–

microbiota axis (ECBoM) as a central integrative node in the

pathogenesis of type 1 diabetes (T1D). It proposes a stepwise

mechanistic cascade in which gut dysbiosis initiates ECS

hyperactivation, leading to receptor desensitization—particularly

of TRPV1—and subsequent failure of key immunoregulatory and

metabolic processes across intestinal, endothelial, and pancreatic

tissues (4, 12, 25, 28).

This hypothesis synthesizes current insights from immunology,

microbiology, and cannabinoid signaling into a unifying

pathophysiological sequence. The ECS emerges not only as a

modulator of immune responses but also as a buffering system

whose failure may be decisive in triggering the autoimmune attack

on pancreatic b-cells (8, 46). Notably, the desensitization of ECS

receptors, especially TRPV1, under chronic 2-AG exposure appears

to be a critical inflection point, stripping the host of essential

protective mechanisms (17, 22, 25).

Importantly, models of ECS or microbiota dysfunction already

exist independently, but the integration of both into a single

coherent cascade opens entirely new perspectives on T1D

pathogenesis (3, 4, 12). However, validating this model requires

ambitious, multidimensional studies that combine multi-omics

profiling, endocannabinoid quantification, inflammatory and

barrier markers, and longitudinal follow-up of genetically at-risk

individuals (30, 33, 34). These investigations are complex and

resource-intensive, but they offer a paradigm shift in how we

conceptualize autoimmune diabetes.

Ultimately, better understanding of ECS-microbiota crosstalk

may enable the development of predictive biomarkers, early

interventions, and novel immunometabolic therapies tailored to

ECS tone and microbiota status (3, 12, 26). By shifting the focus

from downstream immune destruction to upstream homeostatic

failure, this approach provides a fresh therapeutic outlook on a

disease long considered irreversible and unpreventable (8, 31).
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The association of obesity and
lipid-related indicators with
all-cause and cardiovascular
mortality risks in patients with
diabetes or prediabetes:
a cross-sectional study based on
machine learning algorithms
Zhaoqi Yan1, Xing Chang1, Zhiming Liu1, Ruxiu Liu1

and Xiufan Du2*

1Guang'anmen Hospital, China Academy of Chinese Medical Sciences, Graduate School,
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Objective: This study aims to explore the associations between various obesity

and lipid-related indicators in patients with diabetes or prediabetes. Specifically,

the indicators examined include the triglyceride-glucose index (TyG), along with

its derivedmetrics: TyG-BMI, TyG-WHtR, TyG-WWI, TyG-WC, lipid accumulation

product (LAP), visceral adiposity index (VAI), and abdominal obesity index (ABSI),

resulting in a total of eight indicators.

Methods: This study utilizes data from the NHANES conducted from 1999 to

2018, analyzing a cohort of 4,058 patients diagnosed with diabetes/prediabetes.

We utilized multivariable Cox regression models to evaluate the impact of these

indicators on both all-cause and cardiovascular mortality rates. Additionally, we

compared the predictive performance of eight machine learning (ML) algorithms

regarding mortality risk and used the SHAP method to clarify the significance of

obesity and lipid-related indicators in mortality prediction.

Results: The results of the multivariable Cox regression analysis reveal significant

associations between TyG, TyG-WWI, and ABSI with all-cause mortality among

patients with diabetes/prediabetes. Compared to baseline levels, the HR for TyG

in the fourth quartile (Q4) was 1.49, while for TyG-WWI (Q4), the HR was 1.52.

Furthermore, ABSI was associated with increased all-cause mortality risk in

groups Q3 and Q4, presenting risk ratios of 1.80 and 1.68, respectively.

Notably, TyG (Q4) was also significantly associated with cardiovascular

mortality risk, with an HR of 1.98. RCS analysis indicated a linear trend between

TyG, TyG-WWI, and all-cause mortality, whereas ABSI displayed a non-linear

trend. Among the ML algorithms evaluated, the XGBoost model exhibited the

strongest predictive capability. The SHAP analysis indicated that the indicators

with the greatest impact on all-cause mortality in patients with diabetes/

prediabetes were ranked as follows: TyG > ABSI > TyG-WWI. Furthermore, sex-

based subgroup analysis indicated that VAI was positively associated with
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cardiovascular mortality in male patients with diabetes/prediabetes, exhibiting a

linear trend.

Conclusion: TyG, TyG-WWI, ABSI, and VAI are closely linked to mortality risk in

diabetes/prediabetes patients. Among these, TyG is significantly associated with

both all-cause and cardiovascular mortality, showing superior predictive

capability. We recommend long-term monitoring of these indicators and their

inclusion in management strategies to effectively inform diabetes/prediabetes

patients about their mortality risks.
KEYWORDS

obesity and lipid-related indicators, triglyceride-glucose index, abdominal obesity
index, visceral adiposity index, diabetes/prediabetes, national health and nutrition
examination survey; machine learning algorithms
Introduction

The global prevalence of diabetes has reached alarming levels,

with an estimated 570 million cases projected by 2025 (1).

Prediabetes, the precursor stage of diabetes, is primarily

characterized by impaired fasting glucose (IFG) and impaired

glucose tolerance (IGT). The population affected by prediabetes

continues to grow (2). By 2030, the number of individuals with

prediabetes is expected to exceed 470 million (3) Notably, the

annual conversion rate from prediabetes to diabetes ranges from

approximately 5% to 10% (4). Moreover, diabetes significantly

shortens life expectancy. The World Health Organization (WHO)

predicts that by 2030, diabetes will become the seventh leading

cause of death globally (5). Compared to individuals with normal

glucose metabolism, patients with diabetes or prediabetes

(hereinafter referred to as diabetes/prediabetes) face significantly

increased risks for macrovascular (6–8) and microvascular

complications (9). Consequently, cardiovascular disease (CVD) a

leading cause of mortality and disability among diabetes patients

(10). Effectively managing diabetes or prediabetes to reduce

mortality risk presents a formidable challenge.

Among the numerous factors influencing blood glucose levels,

obesity is undoubtedly one of the most significant. The prevalence of

diabetes/prediabetes in the United States is rising alongside obesity.

Most patients with diabetes/prediabetes exhibit excessive adipose tissue,

which stimulates inflammatory responses and immune dysfunction,

serving as key contributors to insulin resistance (11). Although Body

Mass Index (BMI) is a widely accepted standard for assessing obesity, it

is inadequate for evaluating visceral fat, dyslipidemia, and insulin

resistance. Consequently, several new anthropometric tools have been

developed to better reflect these characteristics. For example, the

abdominal obesity index (ABSI) (12), lipid accumulation product

(LAP), and visceral adiposity index (VAI) (13) are considered

effective new indicators for predicting diabetes risk compared to BMI

(14). Additionally, the triglyceride-glucose index (TyG) (15) has
02192
advantages, such as not requiring highly precise insulin levels and

overcoming poor measurement reproducibility. It is regarded as an

effective alternative to traditional insulin resistance indicators, such as

HOMA-IR and QUICKI (16). This advancement overcomes the

limitations of traditional indicators in clinical practice (17).

Furthermore, several studies have developed novel indices based on

TyG by incorporating various anthropometricmeasurements. Examples

include the triglyceride glucose-body mass index (TyG-BMI),

triglyceride glucose-waist-to-height ratio (TyG-WHtR), triglyceride

glucose-weight-adjusted waist circumference(TyG-WWI) and

triglyceride glucose-waist circumference (TyG-WC) (18). These

indices are also considered effective tools for predicting diabetes risk.

Despite the varying degrees of potential these indicators have shown in

predicting diabetes, there is currently no consensus on their effectiveness

in predicting mortality risk among patients with diabetes/prediabetes.

This study aims to explore the predictive capabilities of obesity

and lipid-related indices (TyG, TyG-BMI, TyG-WHtR, TyG-WWI,

TyG-WC, LAP, VAI, and ABSI) for all-cause and cardiovascular

mortality among patients with diabetes/prediabetes, utilizing the

National Health and Nutrition Examination Survey (NHANES)

database. Additionally, we will compare the predictive abilities of

these indices using machine learning models to identify the most

accurate predictive factors.
Materials and methods

Study population in NHANES

In this study, we analyzed data collected from 1999 to 2018. The

criteria for excluding samples included the following (1): lack of

necessary parameters for assessing obesity and lipid-related indices;

(2) absence of definitional information for diabetes and prediabetes; (3)

missing covariate data; (4) absence of survival data (Figure 1). The

NHANES study protocol was approved by the Institutional Review
frontiersin.org
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Board of the National Center for Health Statistics (NCHS), and all

participants provided written informed consent. For more detailed

information about this study, please visit: www.cdc.gov/nchs/

nhanes/irba98.htm.
Assessment of the diagnosis of prediabetes
and diabetes

The diagnosis of diabetes was based on one or more of the

following criteria: (1) a medical diagnosis confirmed by the patient’s

healthcare provider with self-reporting; (2) glycated hemoglobin

(HbA1c) level ≥ 6.5%; (3) FPG level ≥ 7.0 mmol/L; (4)

questionnaire results indicating that the patient is using diabetes

medications. Prediabetes was defined by the following criteria: (1) a

diagnosis confirmed by a healthcare professional through self-

reporting; (2) HbA1c levels between 5.7% and less than 6.5%; (3)

FPG levels between 100 mg/dL and 125 mg/dL (19).
Definitions of obesity and lipid-related
indices

In this study, the obesity and lipid-related indices included TyG,

TyG-BMI, TyG-WWI, TyG-WHtR, TyG-WC, ABSI, LAP, and

VAI. The calculation methods for TyG and its related obesity

indicators are as follows. Since ABSI values are typically low, the

values presented in this study are shown as 10-fold multiples (18):
Frontiers in Endocrinology 03193
TyG = 1n
Triglyceride(mg=dL)� FPG(mg=dL)

2

� �

TyG −WHtR = TyG� WC(cm)
Height(m)

TyG − BMI = TyG� Weight(kg)
Height2(m2)

TyG −WWI = TyG� WC(cm)ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Weight(kg)

p

TyG −WC = TyG�WC

VAI (13) is calculated as follows:

Males : VAI = WC(cm)
39:68+(1:88�BMI(kg=m2)) � Triglyceride(mmol=L)

1:03

� �
� 1:31

HDL−C(mmol=L)

� �

Females : VAI = WC(cm)
36:58+(1:89�BMI(kg=m2)) � Triglyceride(mmol=L)

0:81

� �
� 1:52

HDL−C(mmol=L)

� �

LAP (13) is calculated as follows:

Males : LAP = (WC(cm) − 65)� Triglyceride(mmol=L)

Female : LAP = (WC(cm) − 58)� Triglyceride(mmol=L)

The ABSI (12) is calculated as follows:

ABSI =
WC(cm)

BMI(kg=m2)
2
3 �Height(m)

1
2

FIGURE 1

Flowchart of inclusion and exclusion criteria for the study.
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FPG: Fasting blood glucose; HDL-C: High density lipoprotein

cholesterol; WWI: Weight-adjusted waist circumference index;

WC: Waist circumference.
Mortality

In this study, mortality data for all NHANES participants were

matched with the National Death Index (NDI) using probabilistic

matching methods, with a cutoff date of December 31, 2019. This

process was used to calculate all-cause mortality rates. Additionally,

considering the close relationship between obesity, lipid-related

indices, and diabetes in relation to cardiovascular mortality risk,

we used the death codes provided by the NDI to ascertain the cause

of death. Causes of death were classified as cardiovascular-related

according to the International Classification of Diseases, Tenth

Revision (ICD-10), using relevant codes I00-I09, I11, I13, and

I20-I51.
Covariates

Covariate information for this study was collected from

NHANES demographic data, questionnaires, and laboratory tests.

We categorized the covariates into three main groups: baseline

demographic data (age, gender, race), lifestyle factors (marital

status, education level, BMI, alcohol consumption, and sedentary

behavior), and comorbidities (hyperlipidemia, and CVD). The

specific definitions are as follows:

The original five racial classifications from NHANES were

condensed into three categories: Hispanic, Non-Hispanic Black,

and Non-Hispanic White and Other; Marital status was categorized

as divorced, married, or unmarried; Education level was classified as

Below high school (Less Than 9th Grade), High school graduate or

GED (9-11th Grade, including 12th grade with no diploma), and

Some college or above (Some College or AA degree/College

Graduate or above); BMI classifications were defined as normal

(<25 kg/m²), obese (≥30 kg/m²), and overweight (≥25 kg/m² but

<30 kg/m²); Sedentary behavior was defined as sitting or reclining

for more than 480 minutes per day, or responding the questionnaire

with an emphasis on a sedentary typical day; Alcohol consumption

status was classified into three categories: current drinker (defined

as having consumed more than 12 types of alcoholic beverages in

their lifetime and currently consuming), former drinker (defined as

having consumed more than 12 types of alcoholic beverages at any

time during their lifetime but not in the past year), and never

drinker (defined as having consumed no more than 12 types of

alcoholic beverages in their lifetime); Hyperlipidemia was defined

by any of the following criteria: total cholesterol levels equal to or

exceeding 200 mg/dL, triglyceride levels equal to or exceeding 150

mg/dL, male HDL-C levels below 40 mg/dL, female HDL-C levels

below 50 mg/dL, or low-density lipoprotein cholesterol (LDL-C)

levels equal to or exceeding 130 mg/dL; CVD was defined as a

positive response to any of the following questions: “Has a doctor or
Frontiers in Endocrinology 04194
other health professional ever told you that you have congestive

heart failure (CHF), coronary heart disease (CHD), angina, a heart

attack, or a stroke?”
Statistical analysis

We employed a complex sampling design to ensure nationally

representative estimates, and all analyses were adjusted for survey

design and weighting variables. The new sample weights were

calculated by dividing the original two-year sample weights by 20.

Continuous variables are presented as means ± standard deviation

(SD), while categorical variables are expressed as counts (N) and

percentages (%). The obesity and lipid-related indices were

categorized into four groups using quartiles. We used weighted t-

tests (for continuous variables) or weighted chi-square tests (for

categorical variables) to assess differences between survival and

mortality group. The survival probabilities of diabetes/prediabetes

patients under different obesity and lipid-related indices were

compared using Kaplan-Meier (KM) curves and log-rank tests. The

Cox regression model was used to analyze the mortality risk in

diabetes/prediabetes patients, with model construction undergoing

multiple adjustments: Model 1 adjusted for baseline demographic

data; Model 2 further adjusted for lifestyle factors; and Model 3

adjusted for comorbidities on top of Model 2. A p-value of less than

0.05 was considered statistically significant for all two-sided tests.

Furthermore, we employed a restricted cubic spline (RCS) model to

treat obesity and lipid-related indices as continuous variables,

investigating the linear and non-linear associations between these

indices and mortality risk in diabetes/prediabetes patients by setting

the 10th, 50th, and 90th percentiles as nodes of the RCS (20).
Machine learning

This study also employed machine learning (ML) modeling

strategies to compare predictive abilities of obesity and lipid-related

indices for mortality risk based on the Cox regression model. We used

supervised MLs, integrating various obesity and lipid-related indices,

components of each index, all covariates, and survival data into the

machine learning dataset (21): extreme gradient boosting (XGBoost),

decision tree (DT), robust support vector machine (RSVM), elastic net

regression (Enet), multi-layer perceptron (MLP), logistic regression,

random forest (RF), and k-nearest neighbors (KNN). The dataset was

divided into two non-overlapping parts: a training set (60%) and a

testing set (40%). In the training dataset, each model underwent

automatic hyperparameter tuning using Bayesian optimization and

five-fold cross-validation. When comparing the eight machine learning

algorithms, we synthesized the assessment of the best algorithm using

the receiver operating characteristic - area under the curve (ROC-

AUC), accuracy, precision, recall, and calibration curves. We

subsequently applied SHapley Additive Explanations (SHAP) to

interpret the machine learning models, aiming to address the black

box issue associated with these models. The Shapley value, derived
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from cooperative game theory, quantifies the importance of each

feature in the model by calculating marginal contributions (22). We

used the “fastshap” package to generate SHAP beeswarm plots to

visualize each variable’s contribution to individual predictions. This

clearly illustrates the significance of obesity and lipid-related indices

and analyzes how the components of different indices contribute to and

influence mortality risk.
Results

Baseline characteristics of study
participants

This study included 4,058 participants with diabetes/prediabetes, of

whom 640 (12%) died before December 31, 2019. Significant

differences were observed between the mortality group and the

survival group across multiple variables. First, the mortality group
Frontiers in Endocrinology 05195
had a higher average age of 70.5 years and relatively fewer male

survivors. Additionally, the mortality group had a higher proportion of

Non-Hispanic White and other racial groups, as well as a greater

proportion of married individuals. Notably, the mortality group

exhibited higher rates of sedentary behavior, poverty, and low

educational attainment, along with higher proportions of non-

drinkers, individuals with hyperlipidemia, and CVD. Furthermore,

some anthropometric measures, such as height, weight, and waist

circumference, were slightly lower in the mortality group compared to

the survival group. However, new anthropometric measurements

derived from these indicators, such as the WWI and ABSI, were

higher in the mortality group. Blood lipid and glucose levels were also

significantly elevated in the mortality group. Additionally, the TyG was

higher in the mortality group. Other derived anthropometric indices,

such as TyG-WHtR and TyG-WWI, were also elevated compared to

the survival group, with the VAI significantly higher as well. However,

no significant difference was found in the LAP between the two

groups (Table 1).
TABLE 1 Characteristics of participants according to All-cause mortality. (NHANES 1999-2018, N = 4,058).

Characteristic
Overall,

N = 4058 (100%)1,2
Survival Group,

N = 3418 (88%)1,2
Mortality Group,
N = 640 (12%)1,2

P Value

Age (years) 54.6 (16.5) 52.4 (15.8) 70.5 (11.9) <0.001

Sex 0.036

Female 2,470 (58%) 2,078 (58%) 392 (63%)

Male 1,588 (42%) 1,340 (42%) 248 (37%)

Race <0.001

Non-Hispanic White and Other 2,033 (72%) 1,644 (71%) 389 (80%)

Hispanic 1,085 (15%) 967 (16%) 118 (7.3%)

Non-Hispanic Black 940 (13%) 807 (13%) 133 (13%)

Marital 0.014

Divorced 2,232 (59%) 1,923 (60%) 309 (53%)

Married 1,677 (39%) 1,365 (38%) 312 (45%)

Never married 149 (2.6%) 130 (2.6%) 19 (2.3%)

PIR <0.001

High(>3.49) 1,040 (36%) 932 (38%) 108 (22%)

Medium(>1.39,<=3.49) 1,573 (38%) 1,302 (37%) 271 (45%)

Low(≤1.39) 1,445 (26%) 1,184 (25%) 261 (33%)

Sedentary 0.001

Non Sedentary 2,895 (69%) 2,499 (73%) 396 (62%)

Sedentary 1,163 (31%) 919 (27%) 244 (38%)

Education <0.001

Below high school 599 (8.4%) 456 (7.5%) 143 (15%)

High school graduate or GED 1,611 (40%) 1,319 (39%) 292 (50%)

Some college or above 1,848 (51%) 1,643 (54%) 205 (35%)

(Continued)
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Survival patterns of diabetes/prediabetes
patients by quartile levels of obesity and
lipid-related indices

We conducted a survival analysis on the indices that

demonstrated statistical differences between the survival and
Frontiers in Endocrinology 06196
mortality groups in Table 1. The KM curves revealed that

diabetes/prediabetes patients in the lowest quartile of TyG, TyG-

WWI, and ABSI had significantly higher overall survival

probabilities compared to those in the highest quartile (P = 5e-05,

P < 2e-16, and P < 2e-16, respectively) (Figures 2A–C).

Additionally, the TyG-BMI in the Q2 group demonstrated the
TABLE 1 Continued

Characteristic
Overall,

N = 4058 (100%)1,2
Survival Group,

N = 3418 (88%)1,2
Mortality Group,
N = 640 (12%)1,2

P Value

Weight(Kg) 86 (23) 87 (23) 79 (21) <0.001

Height(Cm) 166 (10) 167 (10) 164 (10) <0.001

Waist circumference 104 (17) 104 (17) 102 (16) 0.029

BMI 31 (7) 31 (7) 29 (7) <0.001

Normal(≥18.5,<25) 799 (19%) 633 (18%) 166 (27%)

Obese(≥30) 1,935 (49%) 1,678 (50%) 257 (40%)

Overweight(≥25,<30) 1,292 (31%) 1,084 (31%) 208 (32%)

Drinking status <0.001

Current drinker 1,538 (45%) 1,411 (48%) 127 (22%)

Former drinker 1,095 (25%) 867 (23%) 228 (35%)

Never drinker 1,425 (30%) 1,140 (28%) 285 (42%)

Hyperlipidemia 0.027

Hyperlipidemia 3,266 (80%) 2,729 (80%) 537 (84%)

Non-Hyperlipidemia 792 (20%) 689 (20%) 103 (16%)

CVD <0.001

CVD 625 (13%) 421 (12%) 204 (32%)

Non-CVD 3,433 (87%) 2,997 (88%) 436 (68%)

Insulin 16 (18) 16 (18) 15 (18) 0.4

Triglyceride 128 (67) 125 (66) 150 (70) <0.001

Blood glucose 118 (38) 117 (35) 128 (52) <0.001

WHtR 0.63 (0.10) 0.63 (0.10) 0.63 (0.09) 0.8

WWI 11.30 (0.80) 11.26 (0.80) 11.61 (0.78) <0.001

TyG-BMI 273 (71) 274 (72) 264 (67) 0.019

TyG-WHtR 5.51 (1.05) 5.50 (1.05) 5.65 (0.99) 0.008

TyG-WWI 99 (11) 98 (11) 105 (11) <0.001

TyG-WC 916 (174) 915 (175) 925 (167) 0.3

TyG 8.76 (0.62) 8.73 (0.62) 9.01 (0.59) <0.001

LAP 214 (92) 215 (92) 209 (87) 0.2

ABSI 0.82 (0.05) 0.82 (0.05) 0.85 (0.05) <0.001

VAI 2.14 (1.53) 2.08 (1.49) 2.59 (1.78) <0.001
1Mean ± SD for continuous; n (%) for categorical.
2t-test adapted to complex survey samples; chi-squared test with Rao & Scott’s second-order correction.
triglyceride glucose-waist circumference.
TyG, Triglyceride Glucose; TyG-BMI, Triglyceride Glucose - Body Mass Index; TyG-WHtR, Triglyceride Glucose - Waist to Height Ratio; TyG-WWI, Triglyceride Glucose - Weight Adjusted
Waist Index; TyG-WC, Triglyceride Glucose - Waist Circumference; ABSI, A Body Shape Index; LAP, Lipid Accumulation Product; VAI, Visceral Adiposity Index.
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highest survival probability (P = 4e-06) (Figure 2D), while TyG-

WC, TyG-WHtR, LAP, and VAI did not show significant

differences (P = 0.3, P = 0.2, P = 0.05, and P = 0.3, respectively)

(Figures 2E–H).
Associations between obesity and lipid-
related indices and mortality

We performed a quartile-based analysis of obesity and various

lipid-related indices, including TyG, TyG-BMI, TyG-WHtR, TyG-

WWI, TyG-WC, LAP, VAI, and ABSI. The results from the Cox

regression analysis indicated significant associations between TyG,

TyG-WWI, and ABSI and all-cause mortality in diabetes/prediabetes

patients. After adjustment in Model 3, compared to baseline levels

(Q1), the highest quartile of TyG (Q4: 9.18, 11.03) and TyG-WWI

(Q4: 106.26, 144.15) respectively increased the risk of all-cause

mortality, with a HR of 1.49 (95% CI: 1.09-2.03) and 1.52 (95% CI:

1.02-2.26). Furthermore, ABSI in Q3 (0.82, 0.85) and Q4 (0.86, 0.99)

also indicated increased all-cause mortality risk, with HRs of 1.80

(95% CI: 1.23-2.64) and 1.68 (95% CI: 1.17-2.41), respectively.

Additionally, the analysis of ungrouped continuous variables

revealed that for each one-unit increase in TyG, TyG-WWI, and

ABSI, the all-cause mortality risk increased by 1.4 times, 1.02 times,

and 48.6 times, respectively (Figure 3, Supplementary Table S2).

Moreover, focusing solely on patients who died from

cardiovascular causes (Supplementary Table S1), the Cox regression

analysis indicated a significant association between TyG and

cardiovascular mortality in diabetes/prediabetes patients. After

adjustment in Model 3, the highest quartile of TyG (Q4: 8.75, 11.03)

was associated with an increased risk of cardiovascularmortality, with a

HR of 1.98 (95%CI: 1.04-2.35). Additionally, the analysis of ungrouped
Frontiers in Endocrinology 07197
continuous variables revealed that for each one-unit increase in TyG,

the risk of cardiovascular mortality increased by 1.57 times (Figure 3,

Supplementary Table S3). Additionally, TyG-WC in the Q4 was

associated with elevated cancer-related mortality, with a HR of 3.09

(95% CI: 1.11–8.58) (Figure 3, Supplementary Table S4).
Race differences in analysis

Cox regression analysis of race revealed that race-specific

associations between obesity/lipid-related indicators and mortality

risks. For Hispanic populations, elevated TyG quartiles (Q4)

significantly increased all-cause mortality (HR = 2.35, 95% CI:

1.18–4.68) and cardiovascular mortality (HR = 2.42, 95% CI:

1.12–5.24), with per-unit TyG increases further amplifying risks

(all-cause: HR = 1.94; Cardiovascular mortality: HR = 1.69). Non-

Hispanic Black groups exhibited extreme obesity-driven risks,

particularly with higher ABSI quartiles (all-cause mortality Q2–

Q4 HRs = 3.79–3.00, all *P < 0.05; cardiovascular mortality per-unit

HR = 49.3, 95% CI: 6.19–392, ***P < 0.001). Additionally, ABSI at

the Q4 level demonstrated an elevated risk of all-cause mortality in

both the Hispanic and Non-Hispanic White and Other groups.

Non-Hispanic White/Other populations only showed significant

cancer mortality risks with TyG-WC Q4 (HR = 3.26, 95% CI: 1.03–

10.34). LAP/VAI showed no significant associations across races

(Tables 2–4).
Gender differences in analysis

Given that VAI and LAP were calculated based on gender, we

further explored their predictive capacity for mortality through
FIGURE 2

Kaplan-Meier survival analysis curves for all-Cause mortality. The Kaplan-Meier curves show the cumulative probabilities of all-cause mortality at 250
days for each group: (A) TyG: Q1 (6.56, 8.33), Q2 (8.34, 8.74), Q3 (8.75, 9.17), Q4 (9.18, 11.03); (B) TyG-WWI: Q1 (60.85, 90.83), Q2 (90.84, 98.38), Q3
(98.39, 106.25), Q4 (106.26, 144.15); (C) ABSI: Q1 (0.60, 0.78), Q2 (0.79, 0.81), Q3 (0.82, 0.85), Q4 (0.86, 0.99); (D) TyG-BMI: Q1 (115.40, 223.37), Q2
(223.38, 262.31), Q3 (262.32, 313.23), Q4 (313.24, 620.83); (E) TyG-WC: Q1 (453.12, 792.26), Q2 (792.27, 902.24), Q3 (902.25, 1025.15), Q4 (1025.16,
1648.81); (F) TyG-WHtR: Q1 (2.63, 4.73), Q2 (4.74, 5.40), Q3 (5.41, 6.14), Q4 (6.15, 10.23); (G) LAP: Q1 (3.07, 149.93), Q2 (149.94, 202.77), Q3 (202.78,
268.45), Q4 (268.46, 604.96); (H) VAI: Q1 (0.15, 1.01), Q2 (1.02, 1.68), Q3 (1.69, 2.75), Q4 (2.76, 11.39). TyG, Triglyceride Glucose; TyG-BMI,
Triglyceride Glucose - Body Mass Index; TyG-WHtR, Triglyceride Glucose - Waist to Height Ratio; TyG-WWI, Triglyceride Glucose - Weight Adjusted
Waist Index; TyG-WC, Triglyceride Glucose - Waist Circumference; ABSI, A Body Shape Index; LAP, Lipid Accumulation Product; VAI, Visceral
Adiposity Index.
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TABLE 2 Subgroup analysis of all-cause mortality risk based on race.

All-cause mortality Hispanic Non-Hispanic Black Non-Hispanic White and Other

TyG

Q1 (6.56,8.33) Reference Reference Reference

Q2 (8.34,8.74) 1.66 (0.94,2.93) 0.64 (0.25,1.62) 0.95 (0.65,1.40)

Q3 (8.75,9.17) 1.73 (0.98,3.03) 0.56 (0.22,1.43) 0.88 (0.57,1.37)

Q4 (9.18,11.03) 2.35 (1.18,4.68)* 0.70 (0.29,1.68) 1.39 (0.94,2.03)

TyG(Per 1 unit increase) 1.94 (1.34,2.79)*** 1.20 (0.81,1.76) 1.36 (1.09,1.70)**

TyG-BMI

Q1 (115.40, 223.37) Reference Reference Reference

Q2 (223.38, 262.31) 0.75 (0.38,1.48) 0.31 (0.13,0.77)* 0.87 (0.58,1.29)

Q3 (262.32, 313.23) 1.19 (0.60,2.35) 0.55 (0.23,1.32) 1.04 (0.61,1.78)

Q4 (313.24, 620.83) 2.22 (0.85,5.78) 0.73 (0.19,2.76) 1.01 (0.45,2.28)

TyG-BMI(Per 1 unit increase) 1.02 (1.01,1.03)*** 1.01 (0.99,1.02) 1.01 (1.00,1.02)*

(Continued)
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FIGURE 3

Forest plot of obesity and lipid-related indicators with mortality. Multiple Cox regression model: Model 1: Adjusted for Age, Gender, Race; Model 2:
Adjusted for Age, Gender, Race, Education, Marital, PIR, Sedentary, Drinking status; Model 3: Adjusted for Age, Gender, Race, Education, Marital, PIR,
Sedentary, Drinking status, Hyperlipidemia, CVD. TyG, Triglyceride Glucose; TyG-BMI, Triglyceride Glucose - Body Mass Index; TyG-WHtR,
Triglyceride Glucose - Waist to Height Ratio; TyG-WWI, Triglyceride Glucose - Weight Adjusted Waist Index; TyG-WC, Triglyceride Glucose - Waist
Circumference; ABSI, A Body Shape Index; LAP, Lipid Accumulation Product; VAI, Visceral Adiposity Index. *P < 0.05; **P < 0.01.
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TABLE 2 Continued

All-cause mortality Hispanic Non-Hispanic Black Non-Hispanic White and Other

TyG-WC

Q1 (453.12, 792.26) Reference Reference Reference

Q2 (792.27, 902.24) 0.95 (0.50,1.78) 0.77 (0.28,2.06) 1.18 (0.77,1.80)

Q3 (902.25, 1025.15) 1.48 (0.73,2.97) 0.88 (0.34,2.31) 1.12 (0.69,1.82)

Q4 (1025.16, 1648.81) 2.24 (1.03,4.89)* 2.25 (0.59,8.55) 1.68 (0.83,3.39)

TyG-WC(Per 1 unit increase) 1.00 (1.00, 1.01)*** 1.00 (1.00,1.01) 1.00 (1.00, 1.00)

TyG-WHtR

Q1 (2.63, 4.73) Reference Reference Reference

Q2 (4.74, 5.40) 1.05 (0.52,2.11) 1.01 (0.32,3.20) 1.01 (0.66,1.56)

Q3 (5.41, 6.14) 1.53 (0.76,3.07) 0.71 (0.26,1.93) 1.47 (0.88,2.45)

Q4 (6.15, 10.23) 2.79 (1.24,6.24)* 1.76 (0.53,5.81) 1.66 (0.92,2.99)

TyG-WHtR(Per 1 unit increase) 2.24 (1.59,3.17)*** 1.42 (0.89,2.26) 1.45 (1.13,1.86)**

TyG-WWI

Q1 (60.85, 90.83) Reference Reference Reference

Q2 (90.84, 98.38) 1.29 (0.69,2.40) 0.87 (0.20,3.69) 0.84 (0.50,1.42)

Q3 (98.39, 106.25) 2.07 (1.08,3.94)* 1.15 (0.24,5.58) 1.21 (0.72,2.01)

Q4 (106.26, 144.15) 2.22 (1.08,4.56)* 1.43 (0.29,7.01) 1.68 (0.99,2.86)

TyG-WWI(Per 1 unit increase) 1.05 (1.03,1.06)*** 1.02 (0.99,1.05) 1.02 (1.01,1.04)**

ABSI

Q1 (0.60, 0.78) Reference Reference Reference

Q2 (0.79, 0.81) 1.60 (0.91,2.80) 3.79 (1.71,8.42)** 1.13 (0.65,1.95)

Q3 (0.82, 0.85) 1.89 (0.99,3.61) 2.11 (1.00,4.43)* 1.78 (1.09,2.91)*

Q4 (0.86, 0.99) 2.80 (1.56,5.03)*** 3.00 (1.20,7.48)* 1.51 (1.05,1.97)*

ABSI(Per 1 unit increase) 56.1 (6.61, 476)*** 49.3 (6.19, 392)*** 27.83 (11.89,43.77)*

LAP

Q1 (3.07, 149.93) Reference Reference Reference

Q2 (149.94, 202.77) 0.66 (0.33,1.32) 0.54 (0.22,1.28) 0.98 (0.67,1.42)

Q3 (202.78, 268.45) 0.83 (0.43,1.62) 0.48 (0.22,1.06) 1.10 (0.77,1.59)

Q4 (268.46, 604.96) 1.16 (0.54,2.49) 0.60 (0.20,1.86) 1.21 (0.70,2.10)

LAP(Per 1 unit increase) 1.00 (1.00,1.01) 1.00 (0.99,1.00) 1.00 (1.00, 1.00)

VAI

Q1 (0.15, 1.01) Reference Reference Reference

Q2 (1.02, 1.68) 1.17 (0.69,1.98) 0.76 (0.26,2.21) 0.96 (0.65,1.43)

Q3 (1.69, 2.75) 1.60 (0.91,2.84) 1.35 (0.43,4.25) 0.99 (0.65,1.50)

Q4 (2.76, 11.39) 1.54 (0.88,2.72) 1.25 (0.41,3.82) 1.18 (0.82,1.68)

VAI(Per 1 unit increase) 1.24 (1.09,1.40)*** 1.08 (0.94,1.24) 1.06 (0.99,1.13)
F
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*P < 0.05; **P < 0.01.
Multiple Cox regression model 3: Adjusted for Age, Sex, Education, Marital, PIR, Sedentary, Drinking status, Hyperlipidemia, CVD.
frontiersin.org

https://doi.org/10.3389/fendo.2025.1492082
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Yan et al. 10.3389/fendo.2025.1492082
TABLE 3 Subgroup analysis of cardiovascular risk based on race.

Cardiovascular mortality Hispanic Non-Hispanic Black Non-Hispanic White and Other

TyG

Q1 (6.56,8.33) Reference Reference Reference

Q2 (8.34,8.74) 1.49 (0.70,3.14) 0.58 (0.08,3.98) 1.49 (0.70,3.14)

Q3 (8.75,9.17) 0.89 (0.42,1.87) 0.41 (0.07,2.55) 0.89 (0.42,1.87)

Q4 (9.18,11.03) 2.42 (1.12,5.24)* 0.47 (0.09,2.41) 2.42 (1.12,5.24)*

TyG(Per 1 unit increase) 1.69 (1.05,2.72)* 0.98 (0.41,2.38) 1.69 (1.05,2.72)*

TyG-BMI

Q1 (115.40, 223.37) Reference Reference Reference

Q2 (223.38, 262.31) 0.62 (0.29,1.31) 0.07 (0.02,0.23)*** 0.62 (0.29,1.31)

Q3 (262.32, 313.23) 0.60 (0.16,2.27) 0.25 (0.07,0.93)* 0.60 (0.16,2.27)

Q4 (313.24, 620.83) 0.64 (0.10,4.12) 0.27 (0.03,2.71) 0.64 (0.10,4.12)

TyG-BMI(Per 1 unit increase) 1.02 (1.00,1.03)* 1.00 (0.97,1.03) 1.02 (1.00,1.03)*

TyG-WC

Q1 (453.12, 792.26) Reference Reference Reference

Q2 (792.27, 902.24) 0.94 (0.48,1.86) 0.67 (0.15,2.98) 0.94 (0.48,1.86)

Q3 (902.25, 1025.15) 0.82 (0.34,1.94) 0.81 (0.24,2.73) 0.82 (0.34,1.94)

Q4 (1025.16, 1648.81) 1.40 (0.36,5.47) 3.78 (0.76,18.72) 1.40 (0.36,5.47)

TyG-WC(Per 1 unit increase) 1.00 (1.00,1.00) 1.00 (1.00,1.01) 1.00(1.00, 1.00)

TyG-WHtR

Q1 (2.63, 4.73) Reference Reference Reference

Q2 (4.74, 5.40) 0.71 (0.35,1.45) 2.88 (0.64,12.93) 0.71 (0.35,1.45)

Q3 (5.41, 6.14) 1.01 (0.34,3.02) 0.35 (0.06,1.94) 1.01 (0.34,3.02)

Q4 (6.15, 10.23) 1.15 (0.37,3.63) 4.52 (0.67,30.32) 1.15 (0.37,3.63)

TyG-WHtR(Per 1 unit increase) 1.36 (0.85,2.17) 1.50 (0.65,3.48) 1.36 (0.85,2.17)

TyG-WWI

Q1 (60.85, 90.83) Reference Reference Reference

Q2 (90.84, 98.38) 0.58 (0.28,1.19) 1.41 (0.18,10.99) 0.58 (0.28,1.19)

Q3 (98.39, 106.25) 0.98 (0.49,1.93) 1.04 (0.10,10.56) 0.98 (0.49,1.93)

Q4 (106.26, 144.15) 1.26 (0.54,2.98) 2.01 (0.27,14.72) 1.26 (0.54,2.98)

TyG-WWI(Per 1 unit increase) 1.02 (0.99,1.05) 1.02 (0.98,1.07) 1.02 (0.99,1.05)

ABSI

Q1 (0.60, 0.78) Reference Reference Reference

Q2 (0.79, 0.81) 1.20 (0.50,2.88) 2.72 (0.33,22.09) 1.20 (0.50,2.88)

Q3 (0.82, 0.85) 1.21 (0.57,2.57) 2.96 (0.31,28.48) 1.21 (0.57,2.57)

Q4 (0.86, 0.99) 1.16 (0.56,2.40) 4.84 (0.56,42.09) 1.16 (0.56,2.40)

ABSI(Per 1 unit increase) 1.75 (0.04,77.20) 49.3(6.19, 392)*** 1.75 (0.04,77.20)

LAP

Q1 (3.07, 149.93) Reference Reference Reference

(Continued)
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subgroup analysis in diabetes/prediabetes patients. The Cox

regression analysis demonstrated a significant association between

VAI and cardiovascular mortality specifically among males.

Notably, after adjustment in Model 3, individuals in the Q3 (1.69,

2.75) and Q4 (2.76, 11.39) groups showed significantly increased

cardiovascular mortality risks, with HR of 3.70 (95% CI: 1.21-11.3)

and 3.43 (95% CI: 1.36-8.65), respectively. Furthermore, the

analysis of ungrouped continuous variables indicated that for

each one-unit increase in VAI, the cardiovascular mortality risk

increased by 1.29 times. Finally, neither VAI nor LAP demonstrated

significant differences in cancer-related mortality, with both

showing no statistical significance (Table 5).
Frontiers in Endocrinology 11201
Trend analysis of obesity and lipid-related
indices with mortality

Using multivariable-adjusted RCS analysis, we visualized the

associations of various indices with all-cause and cardiovascular

mortality in diabetes/prediabetes patients. The analysis of all-cause

mortality revealed that both TyG and TyG-WWI displayed a linear

relationship with all-cause mortality (overall P-values < 0.0001),

with cutoff points where the HR exceeded 1 at 9.21 and 103.03,

respectively (Figures 4A, B). In contrast, ABSI exhibited a non-

linear relationship with all-cause mortality, with a non-linear P-

value of 0.0391, showing cutoff points at 0.80 and 0.83 (Figure 4C).
TABLE 3 Continued

Cardiovascular mortality Hispanic Non-Hispanic Black Non-Hispanic White and Other

LAP

Q2 (149.94, 202.77) 0.69 (0.36,1.35) 0.26 (0.06,1.07) 0.69 (0.36,1.35)

Q3 (202.78, 268.45) 0.87 (0.42,1.78) 0.31 (0.10,0.98)* 0.87 (0.42,1.78)

Q4 (268.46, 604.96) 1.00 (0.27,3.64) 0.74 (0.13,4.22) 1.00 (0.27,3.64)

LAP(Per 1 unit increase) 1.00 (1.00,1.01) 0.99 (0.98,1.00) 1.00(1.00, 1.01)

VAI

Q1 (0.15, 1.01) Reference Reference Reference

Q2 (1.02, 1.68) 1.36 (0.68,2.72) 0.77 (0.13,4.53) 1.36 (0.68,2.72)

Q3 (1.69, 2.75) 1.58 (0.71,3.49) 1.41 (0.29,6.79) 1.58 (0.71,3.49)

Q4 (2.76, 11.39) 1.62 (0.84,3.12) 0.72 (0.14,3.63) 1.62 (0.84,3.12)

VAI(Per 1 unit increase) 1.06 (0.94,1.20) 0.98 (0.72,1.33) 1.06 (0.94,1.20)
*P < 0.05; **P < 0.01.
Multiple Cox regression model 3: Adjusted for Age, Sex, Education, Marital, PIR, Sedentary, Drinking status, Hyperlipidemia, CVD.
TABLE 4 Subgroup analysis of cancer mortality risk based on race.

Cancer mortality Hispanic Non-Hispanic Black Non-Hispanic White and Other

TyG

Q1 (6.56,8.33) Reference Reference Reference

Q2 (8.34,8.74) 0.54 (0.23,1.28) 2.93 (0.23,36.88) 4.42 (0.90,21.67)

Q3 (8.75,9.17) 0.65 (0.28,1.51) 2.96 (0.25,35.12) 3.67 (0.72,18.81)

Q4 (9.18,11.03) 1.17 (0.52,2.65) 1.83 (0.13,25.85) 3.86 (0.56,26.56)

TyG(Per 1 unit increase) 1.33 (0.76,2.32) 1.08 (0.50,2.34) 1.62 (0.76,3.47)

TyG-BMI

Q1 (115.40, 223.37) Reference Reference Reference

Q2 (223.38, 262.31) 0.89 (0.42,1.90) 1.44 (0.37,5.59) 0.46 (0.10,2.17)

Q3 (262.32, 313.23) 1.38 (0.44,4.28) 1.70 (0.51,5.69) 0.56 (0.16,2.04)

Q4 (313.24, 620.83) 2.52 (0.51,12.42) 1.58 (0.16,15.78) 0.73 (0.07,8.10)

TyG-BMI(Per 1 unit increase) 1.01 (0.99,1.03) 1.00 (0.98,1.03) 1.02 (0.99,1.04)

(Continued)
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TABLE 4 Continued

Cancer mortality Hispanic Non-Hispanic Black Non-Hispanic White and Other

TyG-WC

Q1 (453.12, 792.26) Reference Reference Reference

Q2 (792.27, 902.24) 1.53 (0.65,3.58) 1.27 (0.23,6.88) 0.88 (0.25,3.18)

Q3 (902.25, 1025.15) 1.80 (0.63,5.10) 3.64 (0.78,17.02) 1.17 (0.37,3.77)

Q4 (1025.16, 1648.81) 3.12 (0.79,12.32) 6.63 (0.39,112.03) 3.26 (1.03,10.34)*

TyG-WC(Per 1 unit increase) 1.00 (1.00,1.01) 1.00 (1.00,1.01) 1.00 (1.00,1.01)**

TyG-WHtR

Q1 (2.63, 4.73) Reference Reference Reference

Q2 (4.74, 5.40) 0.42 (0.16,1.05) 1.71 (0.37,7.85) 0.97 (0.28,3.31)

Q3 (5.41, 6.14) 1.54 (0.58,4.11) 1.29 (0.23,7.08) 1.11 (0.37,3.35)

Q4 (6.15, 10.23) 1.26 (0.27,5.83) 4.70 (0.89,24.88) 3.40 (1.00,11.63)

TyG-WHtR(Per 1 unit increase) 1.16 (0.65,2.06) 1.27 (0.54,3.00) 2.07 (1.22,3.51)**

TyG-WWI

Q1 (60.85, 90.83) Reference Reference Reference

Q2 (90.84, 98.38) 0.34 (0.11,1.02) 2.59 (0.13,51.77) 2.14 (0.82,5.58)

Q3 (98.39, 106.25) 0.58 (0.24,1.44) 1.58 (0.06,42.74) 2.92 (0.90,9.51)

Q4 (106.26, 144.15) 0.91 (0.37,2.25) 2.89 (0.08,109.86) 2.43 (0.93,6.31)

TyG-WWI(Per 1 unit increase) 1.01 (0.97,1.04) 1.01 (0.97,1.06) 1.04 (1.01,1.07)**

ABSI

Q1 (0.60, 0.78) Reference Reference Reference

Q2 (0.79, 0.81) 1.08 (0.27,4.24) 1.16 (0.17,8.10) 1.68 (0.35,8.10)

Q3 (0.82, 0.85) 1.56 (0.43,5.59) 3.19 (0.51,19.76) 3.05 (0.95,8.86)

Q4 (0.86, 0.99) 1.31 (0.38,4.51) 2.13 (0.23,19.98) 2.88 (0.86,9.64)

ABSI(Per 1 unit increase) 1.75 (0.04,77.20) 49.3 (6.19, 392)*** 27.83 (0.89, 49.66)

LAP

Q1 (3.07, 149.93) Reference Reference Reference

Q2 (149.94, 202.77) 0.72 (0.31,1.64) 0.57 (0.15,2.16) 1.11 (0.32,3.89)

Q3 (202.78, 268.45) 1.41 (0.65,3.06) 0.59 (0.14,2.40) 0.98 (0.33,2.90)

Q4 (268.46, 604.96) 1.23 (0.54,2.80) 0.40 (0.06,2.78) 1.33 (0.35,5.10)

LAP(Per 1 unit increase) 1.00 (1.00,1.01) 1.00 (0.98,1.01) 1.00(0.99, 1.00)

VAI

Q1 (0.15, 1.01) Reference Reference Reference

Q2 (1.02, 1.68) 0.63 (0.26,1.53) 1.17 (0.15,8.93) 2.32 (0.80,6.74)

Q3 (1.69, 2.75) 0.84 (0.37,1.94) 4.64 (0.49,43.50) 2.66 (0.81,8.69)

Q4 (2.76, 11.39) 1.58 (0.66,3.80) 3.47 (0.27,44.20) 1.71 (0.50,5.83)

VAI(Per 1 unit increase) 1.13 (1.00,1.28) 1.22 (0.90,1.65) 1.23 (0.94,1.59)
F
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*P < 0.05; **P < 0.01.
Multiple Cox regression model 3: Adjusted for Age, Sex, Education, Marital, PIR, Sedentary, Drinking status, Hyperlipidemia, CVD.
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TABLE 5 Subgroup analysis of mortality risk based on gender.

All-cause mortality Model 1 HR (95% CI) Model 2 HR (95% CI) Model3 HR (95% CI)

VAI (Female)

Q1 (0.15, 1.02) Reference Reference Reference

Q2 (1.02, 1.69) 1.26 (0.84, 1.88) 1.22 (0.80, 1.86) 1.19 (0.80, 1.77)

Q3 (1.69, 2.75) 1.22 (0.82, 1.83) 1.13 (0.75, 1.69) 1.07 (0.72, 1.58)

Q4 (2.76, 11.39) 1.33 (0.93, 1.92) 1.23 (0.84, 1.80) 1.14 (0.79, 1.65)

VAI (Per 1 unit increase) 1.07 (1.00, 1.15)* 1.06 (0.98, 1.14) 1.06 (0.98, 1.14)*

VAI (Male)

Q1 (0.15, 1.02) Reference Reference Reference

Q2 (1.02, 1.69) 0.78 (0.45, 1.33) 0.72 (0.42, 1.22) 0.79 (0.45, 1.38)

Q3 (1.69, 2.75) 1.27 (0.77, 2.09) 1.26 (0.73, 2.21) 1.44 (0.81, 2.57)

Q4 (2.76, 11.39) 1.37 (0.83, 2.27) 1.39 (0.85, 2.28) 1.69 (0.99, 2.88)

VAI (Per 1 unit increase) 1.10 (0.98, 1.23) 1.12 (1.00, 1.25)* 1.16 (1.04, 1.29)**

LAP (Female)

Q1 (3.07, 149.94) Reference Reference Reference

Q2 (149.94, 202.78) 0.83 (0.60, 1.14) 0.92 (0.61, 1.38) 0.96 (0.66, 1.40)

Q3 (202.78, 268.45) 0.78 (0.56, 1.07) 0.92 (0.61, 1.37) 0.94 (0.63, 1.42)

Q4 (268.46, 604.96) 0.85 (0.63, 1.13) 0.88 (0.58, 1.34) 0.91 (0.60, 1.38)

LAP (Per 1 unit increase) 1.00 (1.00, 1.00) 1.00 (1.00, 1.00) 1.00 (1.00, 1.00)

LAP (Male)

Q1 (3.07, 149.94) Reference Reference Reference

Q2 (149.94, 202.78) 0.68 (0.45, 1.01) 0.72 (0.44, 1.18) 0.77 (0.46, 1.28)

Q3 (202.78, 268.45) 0.88 (0.61, 1.27) 0.95 (0.55, 1.61) 1.03 (0.60, 1.78)

Q4 (268.46, 604.96) 1.26 (0.71, 2.23) 1.63 (0.55, 4.77) 1.75 (0.58, 5.25)

LAP (Per 1 unit increase) 1.00 (1.00, 1.00) 1.00 (1.00, 1.01) 1.00 (1.00, 1.01)

Cardiovascular mortality Model 1 HR (95% CI) Model 2 HR (95% CI) Model3 HR (95% CI)

VAI (Female)

Q1 (0.15, 1.02) Reference Reference Reference

Q2 (1.02, 1.69) 1.08 (0.59, 1.98) 1.02 (0.54, 1.94) 0.94 (0.50, 1.77)

Q3 (1.69, 2.75) 0.93 (0.47, 1.83) 0.87 (0.41, 1.83) 0.84 (0.41, 1.71)

Q4 (2.76, 11.39) 1.03 (0.53, 2.00) 0.92 (0.47, 1.80) 0.81 (0.43, 1.55)

VAI (Per 1 unit increase) 1.01 (0.87, 1.18) 0.99 (0.85, 1.16) 0.98 (0.84, 1.14)

VAI (Male)

Q1 (0.15, 1.02) Reference Reference Reference

Q2 (1.02, 1.69) 1.59 (0.66, 3.78) 1.40 (0.52, 3.74) 1.55 (0.59, 4.07)

Q3 (1.69, 2.75) 3.51 (1.34, 9.25)* 3.71 (1.27, 10.9)* 3.70 (1.21, 11.3)*

Q4 (2.76, 11.39) 3.03 (1.28, 7.13)* 3.08 (1.20, 7.90)* 3.43 (1.36, 8.65)**

VAI (Per 1 unit increase) 1.26 (1.07, 1.49)** 1.29 (1.08, 1.55)** 1.29 (1.09, 1.52)**

(Continued)
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TABLE 5 Continued

All-cause mortality Model 1 HR (95% CI) Model 2 HR (95% CI) Model3 HR (95% CI)

LAP (Female)

Q1 (3.07, 149.94) Reference Reference Reference

Q2 (149.94, 202.78) 0.62 (0.33, 1.15) 0.70 (0.34, 1.44) 0.77 (0.37, 1.60)

Q3 (202.78, 268.45) 0.57 (0.33, 1.00)* 0.63 (0.33, 1.18) 0.67 (0.35, 1.31)

Q4 (268.46, 604.96) 0.72 (0.44, 1.20) 0.66 (0.30, 1.46) 0.75 (0.32, 1.76)

LAP (Per 1 unit increase) 1.00 (1.00, 1.00) 1.00 (0.99, 1.00) 1.00 (1.00, 1.00)

LAP (Male)

Q1 (3.07, 149.94) Reference Reference Reference

Q2 (149.94, 202.78) 0.35 (0.17, 0.76)** 0.33 (0.12, 0.88)* 0.36 (0.13, 0.94)*

Q3 (202.78, 268.45) 1.11 (0.62, 2.00) 0.90 (0.30, 2.70) 0.94 (0.31, 2.82)

Q4 (268.46, 604.96) 1.74 (0.65, 4.63) 1.32 (0.11, 16.4) 1.36 (0.11, 16.6)

LAP (Per 1 unit increase) 1.00 (1.00, 1.01) 1.00 (1.00, 1.01) 1.00 (1.00, 1.01)

Cancer mortality Model 1 HR (95% CI) Model 2 HR (95% CI) Model 3 HR (95% CI)

VAI (Female)

Q1 (0.15, 1.02) Reference Reference Reference

Q2 (1.02, 1.69) 0.89 (0.32,2.53) 0.78 (0.26,2.33) 0.76 (0.26,2.21)

Q3 (1.69, 2.75) 1.30 (0.43,3.97) 1.29 (0.43,3.94) 1.21 (0.39,3.73)

Q4 (2.76, 11.39) 1.71 (0.66,4.42) 1.58 (0.61,4.15) 1.45 (0.53,3.96)

VAI (Per 1 unit increase) 1.19 (1.06,1.34)** 1.17 (1.04,1.32)* 1.16 (0.93,1.31)

VAI (Male)

Q1 (0.15, 1.02) Reference Reference Reference

Q2 (1.02, 1.69) 1.00 (0.39,2.55) 0.94 (0.34,2.64) 1.21 (0.43,3.43)

Q3 (1.69, 2.75) 1.12 (0.46,2.72) 1.05 (0.41,2.69) 1.41 (0.59,3.37)

Q4 (2.76, 11.39) 1.83 (0.68,4.91) 1.91 (0.58,6.26) 2.81 (0.88,8.93)

VAI (Per 1 unit increase) 1.07 (0.88,1.29) 1.06 (0.86,1.31) 1.12 (0.93,1.33)

LAP (Female)

Q1 (3.07, 149.94) Reference Reference Reference

Q2 (149.94, 202.78) 0.48 (0.19,1.19) 0.57 (0.22,1.50) 0.57 (0.22,1.45)

Q3 (202.78, 268.45) 0.99 (0.42,2.33) 1.18 (0.49,2.84) 1.09 (0.46,2.58)

Q4 (268.46, 604.96) 0.94 (0.41,2.18) 1.11 (0.47,2.61) 0.99 (0.42,2.34)

LAP (Per 1 unit increase) 1.00 (1.00,1.00) 1.00 (1.00,1.01) 1.00 (1.00,1.01)

LAP (Male)

Q1 (3.07, 149.94) Reference Reference Reference

Q2 (149.94, 202.78) 0.65 (0.26,1.62) 0.66 (0.26,1.73) 0.67 (0.25,1.76)

Q3 (202.78, 268.45) 0.80 (0.35,1.83) 0.88 (0.30,2.56) 0.92 (0.31,2.69)

Q4 (268.46, 604.96) 0.76 (0.26,2.22) 0.95 (0.29,3.16) 1.03 (0.32,3.36)

LAP (Per 1 unit increase) 1.00 (0.99,1.00) 1.00 (0.99,1.01) 1.00 (0.99,1.01)
F
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*P < 0.05; **P < 0.01.
Multiple Cox regression model: Model 1: Adjusted for Age, Race; Model 2: Adjusted for Age, Race, Education, Marital, PIR, Sedentary, Drinking status; Model 3: Adjusted for Age, Race,
Education, Marital, PIR, Sedentary, Drinking status, Hyperlipidemia, CVD.
LAP, Lipid accumulation product; VAI, Visceral adiposity index.
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Additionally, among male diabetes/prediabetes patients, moderate

to high levels of VAI (Q3: 1.69, 2.75; Q4: 2.76, 11.39) were

associated with a clear linear relationship to cardiovascular

mortality (overall P-value < 0.0001), with a cutoff point where

HR exceeded 1 at 1.47 (Figure 4D).
Evaluation of machine learning models

After determining that TyG, TyG-WWI, and ABSI are

significant risk factors for all-cause mortality in diabetes/

prediabetes patients, we aimed to assess the importance of these

indices and their contributions to mortality risk by comparing eight

ML algorithms: XGBoost, DT, SVM, Enet, MLP, RF, and KNN. The

results indicated that the XGBoost model achieved the highest area

under the curve (AUC) value of 0.85, with an accuracy of 0.79,

precision of 0.94, and recall of 0.81, indicating strong performance

across various metrics (Figures 5A, B, Supplementary Table S5).

Furthermore, the calibration curve showed good consistency

between the predicted probabilities from the XGBoost model and

the actual probabilities (Figure 5C). Thus, we selected XGBoost as
Frontiers in Endocrinology 15205
the optimal ML model for predicting mortality risk in this study.

Subsequently, we used the SHAP model to interpret and visualize

feature importance. The beeswarm plot illustrates the cumulative

impact of each feature on mortality risk, arranged in descending

order of importance. Positive SHAP values indicate that increasing

feature values are directly correlated with higher mortality risk, with

larger SHAP values contributing more significantly to

the predictions.

In the global interpretability of the optimal XGBoost model, age

emerged as the most significant contributor to mortality risk,

consistent with clinical expectations. In the overall model that

included covariates, the importance ranking of obesity and lipid-

related indices was as follows: TyG > ABSI > TyG-WWI

(Figure 5D). In the TyG-related model, apart from age, fasting

blood glucose and triglycerides ranked second and third,

respectively. Notably, very low fasting blood glucose also

increased mortality risk (Figure 6A). A similar trend was

observed in the TyG-WWI model, with fasting blood glucose and

triglycerides carrying substantial weight, followed by weight and

waist circumference (Figure 6B). In the ABSI model, waist

circumference was the most significant factor, followed by weight
FIGURE 4

Restricted cubic spline regression analysis of obesity and lipid-related indices with mortality. This figure presents spline analysis of mortality risk for
obesity and lipid-related indices, accompanied by the background frequency distribution histogram. Solid lines represent the hazard ratios (HR)
adjusted for multivariable covariates (Age, Gender, Race, Education, Marital Status, Poverty Income Ratio (PIR), Sedentary Behavior, Drinking Status,
Hyperlipidemia, and Cardiovascular disease (CVD)). The shaded areas indicate the 95% confidence intervals derived from the RCS regression. TyG (A)
and TyG-WWI (B) show linear relationships with all-cause mortality, while ABSI (C) indicates a non-linear relationship. VAI (D) demonstrates a linear
relationship with cardiovascular mortality in male patients, where all red points correspond to cutoff values for HR > 1.
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and height, with very low weight significantly increasing the risk of

mortality (Figure 6C).

In summary, both blood glucose-related indices and

anthropometric measures substantially influence mortality risk in

patients with diabetes/prediabetes. For cardiovascular mortality risk

in male patients, the feature importance for VAI was ranked as

follows: triglycerides, HDL-C, height, waist circumference, and

weight, with triglycerides, waist circumference, and weight

positively contributing to mortality risk, while other indicators

showed a negative impact (Figure 6D).
Discussion

This cross-sectional study systematically explores the

relationship between obesity and lipid-related indices and all-

cause and cardiovascular mortality in patients with diabetes/

prediabetes in the United States. Additionally, we employed

machine learning methods to assess and compare the predictive

capabilities of these indices regarding mortality risk. The findings

indicate that TyG > 8.75, ABSI > 0.82, and TyG-WWI > 98.39 are

positively correlated with all-cause mortality in diabetes/prediabetes

patients, with TyG > 8.75 also showing a significant positive

correlation with cardiovascular mortality. We observed a non-
Frontiers in Endocrinology 16206
linear trend in the relationships between ABSI and TyG-WWI

and all-cause mortality, while TyG exhibited a significant linear

correlation with both all-cause and cardiovascular mortality.

Among the machine learning algorithms, the XGBoost model

demonstrated the best predictive performance, and the SHAP

analysis revealed that TyG is the most significant contributor to

all-cause mortality in patients with diabetes/prediabetes. In addition

to age, high levels of fasting blood glucose and triglycerides were

significant contributors. The remaining indices were ranked in

terms of their contribution as follows: ABSI, TyG-BMI, and TyG-

WWI. In the subgroup analysis based on gender, we found that

moderate to high levels of VAI (>1.69) were positively correlated

with cardiovascular mortality in male patients with diabetes and

prediabetes, displaying a linear relationship, with triglycerides being

the most significant contributor.

We recognize that TyG is an important indicator of IR, a core

issue in diabetes/prediabetes. The significance of TyG in predicting

risk for patients with diabetes and prediabetes should not be

overlooked. This study also highlights, for the first time that the

TyG-related index, TyG-WWI, can effectively predict all-cause

mortality risk in diabetes and prediabetes patients, and TyG can

also be used to predict cardiovascular mortality risk. The

effectiveness of TyG in assessing insulin resistance is partly

attributed to its strong sensitivity and specificity, as well as its
FIGURE 5

Evaluation of machine learning models and SHAP beeswarm Plot. (A) The parallel coordinate plot assesses the efficacy of eight machine learning
algorithms based on accuracy, precision, recall, and ROC AUC calculations found in Supplementary Table S2; (B) Comparison of eight machine
learning algorithms on ROC curves; (C) Calibration curves for eight machine learning algorithms; (D) SHAP interpretability beeswarm plot
incorporating all obesity and lipid-related indices associated with mortality risk, illustrating the cumulative impact of each feature on mortality risk
and sorted by importance.
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broad clinical applicability (17). The association between TyG and

mortality in diabetes patients, along with poor cardiovascular

outcomes, may be influenced by various factors. First, insulin

resistance leads to dysregulation of glucose and lipid metabolism,

exacerbating inflammation and oxidative stress in the body, which

accelerates biological aging (23) and promotes the development of

atherosclerosis and CHD (24). Second, insulin resistance can elevate

reactive oxygen species (ROS) levels, damaging vascular

endothelium (25), leading to excessive platelet activation and

potentially triggering thrombosis (26). This series of issues further

contributes to cardiovascular diseases, which are among the leading

causes of mortality. Therefore, this not only explains why TyG is

used to predict the incidence of cardiovascular diseases (27) but also

clarifies why TyG is more closely associated with cardiovascular

mortality risk than other indices in this study (28).

In this study, we found that the average BMI of all participants

was 31 kg/m², indicating a significant obesity risk among patients

with diabetes and prediabetes in the United States. It is important to

consider that BMI may not effectively distinguish between muscle
Frontiers in Endocrinology 17207
and fat composition; typically, higher fat content is associated with

lower life expectancy, while higher muscle mass may contribute to

increased longevity (29). The relationship between BMI and

mortality risk is complex, with meta-analyses suggesting a U-

shaped non-linear association (30). This phenomenon partially

explains the paradox whereby individuals with a high BMI may

have a longer lifespan than those with a lower BMI in populations

with diabetes (31). In our study, we also conducted subgroup

analyses based on BMI levels and found that obesity exhibited

more dangerous tendencies across several key indicators including

blood glucose, insulin, and TyG index. Interestingly, we also

observed that BMI levels in the mortality group were slightly

lower than those in the survival group; however, the proportions

of hyperlipidemia and CVD were higher. This finding suggests that,

in addition to TyG, it is essential to consider other obesity-related

indices in our analyses. The results also showed that TyG-WWI

plays a significant role in predicting all-cause mortality risk. The

WWI standardizes waist circumference relative to body weight,

emphasizing abdominal obesity while minimizing the association
FIGURE 6

SHAP beeswarm plots for the four indices in the optimal XGBoost model. (A) The SHAP beeswarm plot for TyG, (B) TyG-WWI, (C) ABSI, and (D) VAI
models provides a global interpretation of how each component of these indices predicts the risk of mortality in patients with diabetes/prediabetes.
The beeswarm plots illustrate the cumulative impact of each feature on mortality risk, arranged in descending order of importance. In the plots, the
Feature values are represented using a gradient color scheme that indicates the magnitude of each feature variable. Positive SHAP values imply that
the feature values are positively correlated with an increased risk of mortality, with larger SHAP values contributing more significantly to mortality
predictions. This visual representation helps in understanding how each component of TyG, TyG-WWI, ABSI, and VAI influences the overall risk of
death among individuals diagnosed with diabetes or prediabetes.
frontiersin.org

https://doi.org/10.3389/fendo.2025.1492082
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Yan et al. 10.3389/fendo.2025.1492082
with BMI. Recent studies have recognized WWI as superior to BMI

in predicting diabetes (32). Our research further integrates WWI

with TyG to enhance predictive ability regarding mortality risk in

patients with diabetes/prediabetes.

Additionally, ABSI, a newly developed body shape index based

on waist circumference, weight, and height, is positively associated

with visceral fat accumulation (33). Visceral fat accumulation is

linked to various adverse outcomes due to excess fatty acid buildup

(34), increased triglyceride synthesis and secretion (35), and lower

levels of protective factors (PPAR-g, glycogen synthase, and leptin)

(36). ABSI has been validated as an independent predictor

of survival rates (33). A 20-year follow-up study by Tate J

demonstrated a linear positive correlation between ABSI and all-

cause mortality in diabetes patients (37). A notable advantage of

ABSI over TyG is its measurement is non-invasive, allowing

patients with diabetes/prediabetes to conveniently track changes

in this index.

In our gender-based analysis, we found that VAI was associated

with cardiovascular mortality risk. Previous research, including that

by Marco C, identified VAI as an important indicator of visceral fat

function and insulin sensitivity (38). In our study, an association

between VAI and cardiovascular mortality risk was observed only in

males, similar with findings from Shi Y regarding gender differences

affecting VAI (39). The impact of VAI regarding gender differences

may stem from variations in insulin sensitivity and differences in

body fat distribution due to hormonal levels. Relevant data indicate

that, at a given body type, women usually have approximately 10%

higher body fat percentages than men (40), and women’s body fat

percentages have consistently been higher throughout life (41). This

may suggest that men are more sensitive to the health implications

of visceral fat accumulation. Therefore, findings regarding gender

differences in our study warrant further exploration, potentially

guiding future research directions.

Indicators such as TyG, TyG-WWI, ABSI, and VAI effectively

reflect individual body composition and lipid profiles in the blood.

Based on our findings, we recommend weight loss interventions be

prioritized in improving health outcomes for patients with diabetes

and prediabetes. However, these strategies should emphasize

reducing visceral fat rather than focusing solely on overall weight

loss. We suggest implementing effective exercise modalities, including

resistance training, aerobic exercise, and overall conditioning. The

benefits of these exercise types are reflected in some indicators from

our study; for instance, reducing WC can effectively lower ABSI and

VAI, suggesting potential improvements in patients’ life expectancy,

even without significant changes in body weight.

Naturally, this study has several unresolved issues. Firstly, due

to the limitations of cross-sectional study designs, we cannot

establish clear causal relationships distinguishing TyG, TyG-

WWI, ABSI, VAI, and their associations with mortality risk in

patients with diabetes/prediabetes. However, the NHANES dataset’s

bolsters lies in its large and nationally representative sample, which

enhances the statistical power of our analyses and bolsters the

reliability of our findings. Secondly, the study population comprised
Frontiers in Endocrinology 18208
individuals exclusively from the United States, limiting the

generalizability of our conclusions. Responses to obesity and

related metabolic indicators may differ significantly across

regions, cultural backgrounds, or dietary habits. Therefore, our

results may not apply to other populations, and future research

should consider broader demographic studies to validate the

universality and applicability of these findings.
Conclusion

This study represents the first comprehensive assessment of the

associations between obesity, lipid-related indices, and all-cause and

cardiovascular mortality risk in patients with diabetes/prediabetes.

The results indicate that TyG is closely related to all-cause and

cardiovascular mortality in patients with diabetes/prediabetes and

demonstrates superior predictive capability compared to other

indices. This finding underscores the potential role of TyG as an

effective biomarker in the clinical management of diabetes/

prediabetes. Furthermore, TyG-WWI and ABSI also effectively

predict all-cause mortality risk, while VAI shows a significant

association with cardiovascular mortality specifically in male

patients. These indicators assess life expectancy from

multiple dimensions and suggest a greater focus on the rationality

of body fat distribution rather than solely on BMI or overall weight

changes. This shift in focus can help optimize long-term

management and intervention strategies for patients with diabetes

and prediabetes.
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Lipid metabolism in the
adrenal gland
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Carl Gustav Carus, Technische Universität Dresden, Dresden, Germany
The adrenal gland consists of the medulla and the cortex. The chromaffin cells of

the adrenal medulla release catecholamines via regulated exocytosis. Vesicle

formation, trafficking, maturation and fusion with the plasma membrane are

orchestrated by lipids such as cholesterol, diacylglycerol, phosphatidic acid and

phosphatidylinositol-4,5-bisphosphate. On the other hand, the adrenal cortex is a

highly specialized lipid-metabolizing organ secreting steroid hormones.

Cholesterol, acquired from circulating lipoproteins and de novo biosynthesis, is

mobilized from intracellular stores and transported tomitochondria to be used as a

substrate for steroidogenesis. Steroidogenesis is regulated by free polyunsaturated

fatty acids (PUFA) and an increased PUFA content in phospholipids promotes

steroidogenesis. Cholesterol efflux and lipid-processing macrophages further

contribute to lipid homeostasis in the adrenal gland. Given that lipidomics have

revolutionized our perception of cell function, we anticipate that this will also hold

true for the investigation of adrenocortical function. Such investigations may

pinpoint novel targets for the management of abnormal adrenal function.
KEYWORDS

lipid metabolism, adrenal cortex, adrenal medulla, cholesterol metabolism,
phospholipids, cortisol, aldosterone
Introduction

The adrenal gland plays a pivotal role in vertebrate physiology and survival, as it

mediates responses to danger and stress. It consists of the medulla, which releases

catecholamines upon activation by splanchnic nerves in the so called ‘fight or flight

response’, and the cortex, which secretes corticoid and other steroid hormones (1–3). Here,

we summarize the role of lipids in the secretory function of chromaffin cells and we review

the role of lipid metabolism in adrenocortical steroidogenesis.
Lipids as regulators of catecholamine secretion

Catecholamines, i.e. adrenaline and nor-adrenaline, are released by chromaffin cells

through a process that involves secretory vesicles budding off the Golgi apparatus, trafficking

to the plasma membrane and their regulated exocytosis (4). Membrane lipid composition

plays a key role in these processes (5). Lipid rafts in the Golgi membrane can guide protein
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clustering required for vesicle formation (5). Diacylglycerol (DAG),

phosphatidic acid (PA), sphingolipids and cholesterol are implicated

in fission of secretory vesicles (5). After formation, granules mature

through acidification and condensation, and associate with actin to be

transported to the plasma membrane, where catecholamines are

secreted via regulated exocytosis (4, 5). Exocytosis requires vesicle

docking, priming and Ca2+-dependent fusion with the plasma

membrane. These processes involve the assembly of soluble N-

ethylmaleimide-sensitive factor attachment protein receptor

(SNARE) proteins, the synaptic vesicle VAMP (synaptobrevin), and

the plasma membrane proteins syntaxin and synaptosomal-

associated protein of 25Kda (SNAP-25) (4). Phospholipids, like

lysophosphatidylcholine (LPC), and cone-shaped lipids, such as

cholesterol, DAG and PA, play a critical role in this process by

regulating protein assembly and driving negative membrane

curvature, which facilitates the opening of the secretory pore (4–8).

Also, increased phosphoinositide (PI) amounts in the plasma

membrane and the secretory granules promote exocytosis.

Particularly phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2)

localizes at sites of exocytosis, binds to proteins such as syntaxin-1,

and promotes the actin-mediated conveyance of secretory granules to

the plasma membrane (4, 9–12). Similarly, PA produced from

phospho l ip id s ( such a s phospha t idy l cho l ine (PC) ,

phosphatidylethanolmine (PE), phosphatidylglycerol (PG)) by

phospholipase D1 (PLD1) or from DAG by diacylglycerol kinase,

accumulates at the plasma membrane near exocytotic sites and

contributes to lipid bilayer bending, binds to proteins like syntaxin-

1, and promotes PtdIns(4,5)P2 production (4, 13). While

monounsaturated PA increase the number of exocytotic events by

eventually driving granule docking, polyunsaturated PA regulate

fusion pore stability and expansion (14). DAG primes exocytosis

via activation of protein kinase C and Munc13, which modulate the

function of syntaxin isoforms (15). Polyunsaturated fatty acids

(PUFAs) can also interact with syntaxin isoforms aiding SNARE

complex formation (16, 17). Particularly arachidonic acid (AA)

released from DAG and phospholipids during exocytosis increases

SNARE complex formation and fosters granule docking and

exocytosis (17, 18). During exocytosis, phospholipids are scrambled

in the plasma membrane, with phosphatidylserine (PS) being

externalized to the outer leaflet (19). PS clusters inhibit

synaptotagmin 1 membrane penetration, which is required to

promote fusion pore formation (20). Sphingosine, a releasable

backbone of sphingolipids, activates vesicular synaptobrevin and

promotes granule tethering (21, 22). Moreover, extracellular

sphingosine-1-phosphate promotes exocytosis via activation of S1P

receptors (23) and sphingomyelin derivatives enhance the frequency

of fusion events in chromaffin cells (24). Finally, after completion of

the secretory event, the granule membrane components are entirely

recycled by DAG-driven endocytosis (25).

Steroidogenesis in the adrenal cortex

The adrenal cortex consists of the zona glomerulosa, which

produces aldosterone, and the zona fasciculata that produces
Frontiers in Endocrinology 02212
glucocorticoids (1, 2). In primates, a third inner zone, the zona

reticularis, produces the steroid hormone dehydroepiandrosterone

(DHEA) and its sulfate ester (DHEA-S) (3, 26). Adrenocortical

function is regulated by the hypothalamic–pituitary–adrenal (HPA)

axis. Stress triggers the production of corticotropin-releasing-

hormone (CRH) from the hypothalamus, which induces the

release of adrenocorticotropic hormone (ACTH) from the

anterior pituitary that reaches the adrenal gland via the

circulation and binds to its receptor (melanocortin 2 receptor,

MC2R) inducing corticoid production (27). ACTH is the

exclusive stimulus for glucocorticoid release, while secretion of

aldosterone is mainly induced by the renin-angiotensin-

aldosterone system (RAAS) via angiotensin II and elevated

circulating potassium levels (27, 28).

Corticoid hormones are not stored but synthesized de novo

from cholesterol for immediate secretion. Glucocorticoid

synthesis is triggered by binding of ACTH to MC2R, a G

protein-coupled receptor (GPCR) activating the cyclic adenosine

monophosphate (cAMP)-protein kinase A (PKA) signaling

pathway. PKA activates hormone-sensitive lipase (HSL), which

hydrolyzes cholesterol esters (CEs) stored in lipid droplets. Free

cholesterol is transported through a complex mechanism

involving steroidogenic acute regulatory (StAR) protein into

mitochondria, where it serves as a substrate for steroid

biosynthesis (2, 27). Cholesterol transport into mitochondria is

the rate-limiting step of steroidogenesis (2, 27). Angiotensin II

binds to the angiotensin type 1 receptor (AGT1R), triggering

increase of intracellular calcium levels, which leads to activation of

calmodulin kinase (CaMK). The latter induces StAR activation via

its phosphorylation (29). Once inside the mitochondria,

cholesterol is processed by cytochrome P450scc (P450 side-

chain cleavage or CYP11A1), which cleaves cholesterol’s

aliphatic side-chain, generating pregnenolone. CYP11A1

expression is induced by ACTH and angiotensin II via cAMP

signaling (27, 30). Pregnenolone is transformed into progesterone

by 3b-hydroxysteroid dehydrogenase (3b-HSD). Pregnenolone

and progesterone generated in mitochondria transfer to the

endoplasmatic reticulum (ER), where the next steps of

steroidogenesis take place (31). In humans, progesterone is

converted by CYP21 to 11-deoxycorticosterone, which is further

metabolized to corticosterone by CYP11B1. Corticosterone is

metabolized in the zona glomerulosa by CYP11B2 to

aldosterone. In the zona fasciculata, progesterone is converted

by CYP17 to 17-hydroxyprogesterone, which is processed by

CYP21 to 11-deoxycortisol. In the final step of glucocorticoid

synthesis, CYP11B1 converts 11-deoxycortisol to cortisol (27).

While CYP11B1 is constitutively expressed in the zona fasciculata,

CYP11B2 expression in the zona glomerulosa is regulated by

circulating factors, such as angiotensin II, sodium and

lipoproteins, like low-density lipoproteins (LDL), high-density

lipoproteins (HDL) and very low-density lipoproteins (VLDL)

(32–35). In the zona reticularis, 17-hydroxyprogesterone is

converted by CYP17A1 to DHEA, which can be further

metabolized to sex hormones (27).
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Cholesterol homeostasis in
adrenocortical cells

Cholesterol serves as a precursor for steroid hormone

production (36, 37). Cholesterol availability in adrenocortical cells

is covered by 1. uptake from circulating lipoproteins 2. de novo

synthesis and 3. CEs stored in lipid droplets (30, 37) (Figure 1).

However, the exact contribution of these pathways to

steroidogenesis and the flexibility in switching between them at

baseline or stimulated conditions, are not fully understood. Excess

intracellular cholesterol is transferred to circulating HDL through

cholesterol efflux (38).
Frontiers in Endocrinology 03213
Cholesterol acquisition from lipoproteins

Lipoproteins supply adrenocortical cells with cholesterol for

steroid hormone production. LDL and HDL are internalized via

binding to the LDL receptor (LDLR) and scavenger receptor class B

type I (SCARB1), respectively, followed by endocytosis (37, 39, 40).

Patients deficient for LDLR have normal serum cortisol levels but

show reduced cortisol production in response to ACTH (41).

Similarly, patients with SCARB1 mutation have normal cortisol

concentrations, but reduced cortisol levels upon stimulation with an

ACTH derivative (42). In contrast, LDLR and SCARB1 expression

is increased in the adrenal cortex of patients with primary
FIGURE 1

Lipid metabolism in adrenocortical cells. In adrenocortical cells, cholesterol derives from circulating lipoproteins and de novo biosynthesis. Low-
density lipoproteins (LDLs) are internalized via the LDL receptor (LDLR) and endocytosis, while high-density lipoproteins (HDL) are taken up via
scavenger receptor class B type I (SCARB1) (39, 40). Excess cholesterol is either esterified by SOAT1 and stored in lipid droplets (57) or exported via
Adenosine triphosphate (ATP)-binding cassette transporter G1 (ABCG1) (85). Adrenocorticotropic hormone (ACTH) binding to melanocortin 2
receptor (MC2R) activates protein kinase A (PKA), which induces hormone-sensitive lipase (HSL) phosphorylation and translocation to the lipid
droplets, assisted by perilipin 2 (PLIN2), promoting cholesterol release (66, 67). Angiotensin II (Ang II) binds to the angiotensin type 1 receptor
(AGT1R), triggering the increase of intracellular calcium levels, leading to activation of calmodulin kinase (CaMK), which induces StAR activation (29).
De novo synthesis of cholesterol is regulated by the rate-limiting conversion of acetyl-CoA to mevalonate via hydroxymethylglutaryl-CoA (HMG-
CoA) reductase (HMGCR) (52). Gene expression of HMGCR and other cholesterogenic proteins is induced by Sterol regulatory element-binding
proteins (SREBP) (53, 55). Free cholesterol is transported into mitochondria by steroidogenic acute regulatory (StAR) protein, through a complex
process involving a number of different proteins, such as Voltage-dependent anion channels (VDAC) and translocase of the outer mitochondrial
membrane 40 (TOMM40) (27, 31, 74–76, 107, 108). Cholesterol transfer from the ER to mitochondria is facilitated via ER-mitochondria contact sites,
called mitochondria-associated membranes (MAMs) (31, 75). Fatty acid desaturase 2 (FADS2)-mediated increase in the PUFA content of
mitochondrial phospholipids promotes cholesterol import into mitochondria (59). Moreover, arachidonic acid (AA) released from phospholipids by
acyl-CoA thioesterase 2 (ACOT2) promotes steroidogenesis (96, 97). In mitochondria, steroidogenesis starts with the conversion of cholesterol to
pregnenolone by CYP11A1 (27, 30).
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aldosteronism (43, 44). Accordingly, angiotensin II upregulates the

expression of LDLR and SCARB1 (45). Besides providing

cholesterol, lipoproteins (LDL, HDL, VLDL) trigger signaling

events, including mobilization of intracellular calcium and cAMP

response element binding (CREB) activation, thereby inducing

expression of proteins involved in steroidogenesis, such as

CYP11B2 and StAR (39, 44, 46, 47). LDLR is downregulated with

aging in the adrenal cortex of primates limiting cholesterol uptake

and DHEA-S secretion (48). Intriguingly, cholesterol uptake was

shown to be dependent on autophagy, a mechanism mediating the

degradation of cellular components (49). Autophagy disruption in

Leydig cells leads to down-regulation of SCARB1, inefficient

cholesterol supply and reduced testosterone production (49).

Moreover, in Drosophila, autophagosomes sequester and

transport cholesterol for steroid synthesis, while their disruption

leads to cholesterol accumulation in lipid droplets (50).
Cholesterol synthesis

Along with cholesterol imported from circulating lipoproteins, de

novo biosynthesized cholesterol also fuels adrenocortical

steroidogenesis. Acetyl-CoA, the precursor molecule of cholesterol,

is produced in the cytosol by the ATP citrate lyase (ACLY) (51). The

rate-limiting reaction of cholesterol synthesis is the conversion of

acetyl-CoA to mevalonate by hydroxymethylglutaryl-CoA reductase

(HMGCR) (52). Low sterol concentration is sensed by sterol

regulatory element-binding proteins (SREBPs) that induce HMGCR

expression (53). Through a cascade of reactions mevalonate is

metabolized to squalene, which is processed in the ER membrane

via lanosterol and desmosterol to cholesterol (52, 54). The central

transcriptional activator of steroidogenesis, Steroidogenic Factor 1

(SF-1) binds to the promoter and induces the expression of several

genes encoding for cholesterogenic proteins (55). Peripartum and

lactation-associated adrenal gland plasticity in female rats involves

downregulation of HMGCR expression and depletion of intra-adrenal

cholesterol stores despite increased LDLR and SCARB1 expression;

this is associated with basal hypercorticism and reduced

responsiveness to ACTH, conferring postpartum anxiolysis (56).

These evolutionary adaptations are overridden by feeding with a

high-fat diet (HFD), which prevents the peripartum reduction of

HMGCR expression and cholesterol stores (56).
Cholesterol storage and mobilization

Uptaken or synthesized cholesterol is esterified by sterol O-

acyltransferase 1 (SOAT1) with fatty acids and stored in lipid

droplets, which makes cholesterol rapidly available for

steroidogenesis (57). Inhibition of Acyl-coenzyme A: cholesterol

acyltransferase (ACAT), which converts cholesterol to CE, reduces

aldosterone production via suppression of CYP11B2 expression

(58). Impaired steroidogenesis, as in congenital adrenal lipoid

hyperplasia, or disruption of cholesterol mobilization and

mitochondrial import, for instance due to HSL or StAR
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deficiency, lead to increased accumulation of CEs in lipid droplets

(59–63). On the other hand, depleting the intracellular cholesterol

pool in steroidogenic cells leads to lipid droplet shrinkage (64).

Lipid droplets share contact sites with mitochondria and the ER,

thereby facilitating immediate cholesterol transport to these

organelles (31). Cholesterol mobilization occurs through

lipophagy, where lipid droplets are engulfed by phagosomes

followed by fusion with lysosomes, or through hormonally-

controlled lipolysis mediated by HSL (63, 65). ACTH stimulation

triggers via PKA HSL phosphorylation, which modestly increases

HSL activity and, more importantly, directs HSL to lipid droplets, a

process assisted by perilipin 2 (PLIN2), which resides on the lipid

droplet surface (66, 67). PLIN2 deficiency in mice leads to

pronounced lipid droplet accumulation in adrenocortical cells (67).

Impaired lipid mobilization and enhanced lipid accumulation

in adrenocortical cells is accompanied by increased expression of

macrophage markers, suggesting a role of adrenal gland

macrophages in the local lipid turnover (67, 68). Similarly to

lipid-associated macrophages (LAMs) present in other tissues,

such as the adipose tissue, adrenal gland macrophages are rich in

lipid droplets and present LAM signatures, including expression of

Triggering receptor expressed on myeloid cells 2 (Trem2),

Lipoprotein lipase (Lpl), Cd9 and Cd36 (68–70). Removal of

adrenal gland macrophages causes increased lipid accumulation

in the adrenal cortex (68). Consequently, adrenal gland

macrophages regulate adrenocortical steroidogenesis in acute and

chronic stress conditions, like cold exposure and atherosclerosis,

respectively, through a mechanism dependent on TREM2 and

macrophage-specific TREM2 deletion in mice increases serum

glucocorticoid levels (70). These findings underscore the critical

homeostatic role of macrophages in adrenocortical lipid

metabolism and steroidogenesis.
Cholesterol trafficking

Cholesterol levels are sensed by SREBPs residing in the ER (71).

Cholesterol freed from CEs is transferred from lipid droplets to

mitochondria by StAR. StAR mutations lead to impaired adrenal

steroidogenesis, a condition termed congenital adrenal lipoid

hyperplasia (72). StAR localizes at the outer mitochondrial

membrane (OMM) and unfolds upon cholesterol binding at a C-

terminal domain, a process requiring glucose regulatory protein-78

(GRP78) (73). Subsequently StAR mediates cholesterol transport into

mitochondria through a complex and not entirely understood process

involving a number of different proteins, such as Voltage-dependent

anion channel 1 (VDAC1), VDAC2, mitochondrial transporter

protein (TSPO), translocase of the outer mitochondrial membrane

40 (TOMM40) and GRP78 (27, 74–76). StAR-mediated cholesterol

import depends on the efficiency of the electron transport chain and

ATP production (77, 78). Moreover, cholesterol import into

mitochondria is affected by the polyunsaturated fatty acid (PUFA)

content of mitochondrial phospholipids. Reduced PUFA content in

the phospholipids of mitochondrial membranes associates with

diminished cholesterol import, mitochondrial membrane potential
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and oxidative phosphorylation (59). Accordingly, Acyl-CoA

synthetase 4 (ACSL4), which inserts CoA to PUFAs facilitating their

esterification into phospholipids, is highly expressed in the adrenal

gland and required for steroidogenesis (59, 79). Cholesterol is thought

to be transferred through direct contact sites connecting lipid droplets,

mitochondria, the ER and the plasma membrane. Mitochondria, the

ER, the plasma membrane, ER-mitochondria contact sites, so called

mitochondria-associated membranes (MAMs) and plasma

membrane-associated membranes (PAMs) have all unique and

plastic lipid compositions (80). cAMP signaling triggers the

formation of plasma membrane-ER and ER-mitochondria

contacts (80). Cholesterol and proteins involved in cholesterol

transfer accumulate at MAMs (31, 75). Aster proteins mediate

cholesterol traffic from the plasma membrane to the ER and from

the ER to mitochondria (81, 82). Furthermore, syntaxin (STX)-5 and

a-SNAP mediate delivery of plasma membrane cholesterol to

mitochondria (83, 84).
Cholesterol efflux

Cholesterol levels in adrenocortical cells are regulated by

cholesterol efflux mediated by ATP-binding cassette transporter

G1 (ABCG1) and apolipoprotein E (ApoE) (85). Fasting stress

reduces Apoe and Abcg1 expression inhibiting cholesterol efflux

(38). Adrenocortical ABCG1 deficiency leads to enhanced

glucocorticoid production and, paradoxically, increased

expression of genes encoding for proteins involved in cholesterol

uptake, such as Ldlr, and cholesterol synthesis, such as Hmgcr and

Squalene Epoxidase (Sqle) (85). ApoE-deficient mice present

impaired cholesterol efflux associated with enhanced stress-

induced glucocorticoid secretion (38). In contrast, cholesterol

efflux is increased and adrenocortical steroidogenesis is reduced

by synthetic HDL particles, which promote reverse cholesterol

transport and thereby present a therapeutic strategy against

atherosclerosis (86). Besides cholesterol homeostasis, lipoprotein

release also serves long-range intercellular signaling mediated by

proteins loaded onto lipoproteins. For instance, Sonic hedgehog

(SHH), which is expressed in adrenocortical cells beneath the

adrenal capsule, is released on lipoproteins, along with Hh

pathway inhibitors regulating its long-range effects (87, 88).
Sphingolipids and phospholipids as
regulators of steroidogenesis

Apart from cholesterol metabolism and steroidogenesis, also

other lipid metabolic pathways are dynamically regulated and play

crucial roles in adrenocortical function. The adrenal gland presents

organized spatial lipid distribution of sphingolipids and

phospholipids (89). ACTH and cAMP signaling reduce the

amounts of several sphingolipids, including sphingomyelin,

ceramides, and sphingosine, induce sphingosine kinase activity

and increase released S1P, while the latter promotes StAR, TSPO,

LDLR and SCARB1 expression and glucocorticoid production (90,
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91). Loss-of-function mutations in S1P lyase (SGPL1), lead to

accumulation of sphingolipids in lysosomes and a condition

termed sphingolipidose (92). Accordingly, Sgpl1-/- mice present

disrupted adrenocortical zonation and impaired steroidogenic

protein expression (92).

Moreover, phospholipids can determine the steroidogenic

capacity of adrenocortical cells based on their PUFA content (59).

AA is one of the most abundant acyl chains in PC, PE, PG and PI in

the murine adrenal gland (59). Similarly, AA is among the most

abundant lipids in the human adrenal cortex (59, 93). ACSL4-

mediated esterification of free AA into phospholipids promotes

steroidogenesis (79, 94, 95). On the other hand, hormonal

stimulation and cAMP signaling induce acyl-CoA thioesterase 2

(ACOT2)-mediated release of AA from phospholipids into

mitochondria (96, 97). Moreover, AA is metabolized by

lipoxygenases to lipid mediators, such as hydroxyeicosatetraenoates,

which can also regulate steroidogenesis (96).

The acyl chain composition of phospholipids in the adrenal

gland is under dietary influence. For instance, AA-containing

phospholipids increase in the adrenal gland of mice fed a HFD,

aligning with enhanced corticoid output (59). Fatty acid desaturase

2 (FADS2), the rate-limiting enzyme of PUFA synthesis, is highly

expressed in the adrenal gland and is upregulated in conditions of

elevated corticoid synthesis, such as obesity or adrenal adenomas.

Inhibition of FADS2 perturbs cholesterol transfer into

mitochondria, mitochondrial function and steroidogenesis in

adrenocortical cells, while steroidogenesis is partially restored by

AA supplementation. In accordance, FADS2 deficiency in mice

receiving a low-PUFA diet leads to reduced amounts of AA-

containing phospholipids in the adrenal cortex, reduced

glucocorticoid serum levels, enhanced lipid droplet accumulation

and perturbed mitochondrial structure in adrenocortical cells.

Accordingly, pharmacological inhibition of FADS2 reduces

corticoid production in mice with established obesity (59).

Moreover, the n-3 PUFA eicosapentaenoic acid (EPA) diminishes

FADS2 expression and steroidogenesis in mouse and human

adrenocortical cells and icosapent ethyl, an EPA analog, which is

in clinical use for reduction of cardiovascular disease risk, efficiently

reduces corticosterone and aldosterone serum levels in obese

animals (59). Hence, treatment with dietary adjuncts, such as

icosapent ethyl, could be an appealing strategy to clinically tackle

dysregulated cortisol and aldosterone production.
Diseases of disturbed lipid metabolism
leading to impaired adrenocortical
steroidogenesis

Disturbed lipid metabolism underlies several diseases

manifested by adrenal insufficiency. Cortisol production is

impaired in patients with LDLR deficiency or SCARB1 mutations

(41, 42). Reduced HDL levels due to decreased hepatic lecithin-

cholesterol acyltransferase (LCAT) activity in patients with liver

cirrhosis associate with occurrence of relative adrenal insufficiency

(RAI) (98). X-linked adrenoleukodystrophy (ALD), a disorder
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characterized by primary adrenal insufficiency, hypothyroidism and

neurological symptoms, is caused by pathogenic variants of

ABCD1, a very-long-chain fatty acid (VLCFA) transporter,

leading to VLCFA accumulation in the form of CE (99–101).

SGPL1 mutations are found in patients with steroid-resistant

nephrotic syndrome (SRNS), which is characterized by adrenal

insufficiency and chronic kidney disease (92, 102). Mutations in

lysosomal acid lipase (cholesterol esterase) that hydrolyzes CE, lead

to insufficient free cholesterol available to P450scc and development

of Wolman disease (primary xanthomatosis) featured by adrenal

insufficiency (103). Impaired cholesterol biosynthesis due to defects

in sterol 7-reductase gene, DHCR7, in the Smith-Lemli-Opitz

syndrome may lead to adrenal insufficiency, especially during

times of stress or if LDL is inadequate (30).
Discussion

The study of lipid metabolism has transformed our understanding

of cell function. Lipids lie at the core of adrenal structure and function.

Although the mechanisms involved in lipid metabolism in the adrenal

gland were readily investigated during the past three decades, so far

acquired knowledge has been barely therapeutically harnessed to

clinically modulate adrenal function, for instance treat excessive

cortisol or aldosterone production. However, lipophilic statin use in

hypertensive and diabetic patients was associated with reduced basal

and angiotensin II-stimulated aldosterone levels (104). Statins

suppress HMGCR while they also inhibit caveolin-1-mediate

endocytosis of lipoprotein receptors (104, 105). Hence,

downregulation of aldosterone synthesis due to inhibition of

cholesterol uptake and synthesis in adrenocortical cells may underlie

the anti-hypertensive effect of statins (44). Especially lipophilic statins,

such as simvastatin, which are more readily uptaken in the adrenal

cortex, could be used to reduce aldosterone levels (104). Hence,

preclinical and clinical studies and retrospective clinical analyses

should be performed to elucidate the impact of statins in

aldosterone release. As primary aldosteronism often co-occurs with

cardiovascular disease and metabolic syndrome, combinatorial

treatments with statins and antihypertensives could more potently

reduce aldosterone levels and ameliorate the outcomes of primary

aldosteronism, including ischemic heart disease or stroke (44, 106).

Moreover, modulation of the phospholipid composition of the

adrenal cortex may present a means to control elevated corticoid

production (59). Particularly, lowering the AA content of
Frontiers in Endocrinology 06216
phospholipids through regulation of FADS2 by dietary adjuncts,

such as icosapent ethyl, could be a novel strategy to regulate

moderately elevated corticoid production in obesity, a concept

which merits clinical investigation (59). Concluding, investigation

of adrenal function under the prism of lipid metabolism may reveal

new valuable concepts of endocrine regulation in normal and

pathological conditions.
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