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Objective: This study explores the correlations between visceral adiposity index, fatty liver indices and thyroid dysfunction in type 2
diabetes mellitus patients.

Methods: This cross-sectional investigation was carried out between January 2021 and December 2022, encompassing 131 adult out-
patients. Patients with other endocrine diseases, severe hepatic or renal insufficiency, or recent use of thyroid-affecting medications
were excluded. Clinical and laboratory data, including body mass index, waist circumference, lipid profiles, liver function markers,
and thyroid function tests, were collected.

Results: Blood tests showed hepatic injury markers, alanine aminotransferase, aspartate aminotransferase, and adverse lipid profiles,
elevated triglycerides, reduced high-density lipoprotein, significantly increased across fatty liver indices quartiles (P < 0.05), reflecting
hepatocellular injury. Waist circumference and body mass index also increased significantly with higher fatty liver indices quartiles.
Similarly, visceral adiposity index showed strong correlations with metabolic parameters, including elevated alanine aminotransferase,
aspartate aminotransferase, and triglycerides levels (P < 0.05). Regarding thyroid function, TSH levels increased to some extent (P =
0.068), suggesting a potential link between fatty liver and hypothyroidism.

Conclusion: This study highlights the significant role of visceral fat accumulation and liver fat deposition in contributing to insulin
resistance and metabolic imbalances among individuals with type 2 diabetes. Clinicians and public health departments should promote
early identification and intervention of visceral fat accumulation and fatty liver as tools to prevent metabolic syndrome and related
diseases.
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Introduction

Globally, type 2 diabetes mellitus (T2DM) has increased dramatically over the past several decades.'* The condition not only
severely diminishes the quality of life but is also intricately linked to a range of chronic complications, such as cardiovascular
disease,** nephropathy,™° and retinopathy.”® These complications not only increase the incidence and severity of illness and

death but also place a substantial financial strain on affected individuals, their families, and the broader community.'®?

13-15 and

In recent times, with the advancement of research on metabolic syndrome, the visceral adiposity index (VAI)
fatty liver index (FLI)'®'® have surfaced as innovative markers of metabolic health. The VAI evaluates the extent of

visceral fat accumulation, whereas the FLI serves as a predictor for the likelihood of fatty liver.'”?° Research findings
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have consistently shown a strong association between visceral fat accumulation and fatty liver with insulin resistance®'**

and chronic inflammatory responses,”>** both of which are integral components of metabolic syndrome.>>*® Moreover,
thyroid dysfunction, encompassing both hyperthyroidism and hypothyroidism, is frequently observed in patients with
T2DM. The connection between thyroid dysfunction and metabolic disturbances has increasingly attracted attention in
recent years.”’ 2% Thyroid hormones play a crucial regulatory role in carbohydrate metabolism, lipid metabolism, and
energy expenditure, and thyroid dysfunction may further exacerbate metabolic disorders.>*>! Although the roles of VAI
and FLI in metabolic disorders have been extensively studied, research on the relationship between VAI or FLI and
thyroid dysfunction remains relatively limited, particularly among T2DM patients.>* Clarifying the correlation between
VAI/FLI and thyroid dysfunction is of great significance for a deeper understanding of the metabolic characteristics of
T2DM patients and for optimizing their metabolic management.*® Furthermore, these correlation studies could offer
significant guidance for the early identification and management of thyroid dysfunction in clinical settings.**

The main aim of this research is to examine the relationship between VAI and FLI with thyroid dysfunction among
patients with T2DM. Additionally, the study seeks to evaluate the potential clinical relevance of these associations. The
study showed that elevated VAI and FLI are independent predictors of thyroid dysfunction in patients with T2DM,
thereby enhancing the metabolic management strategies for individuals with T2DM. VAI/FLI thresholds (>69.10 and
>11.01, respectively) will outperform conventional anthropometrics in predicting incident thyroid dysfunction. This
approach may ultimately contribute to developed more targeted interventions for metabolic disorders in this patient
population from a metabolic syndrome-thyroid crosstalk.

Materials and Methods

Study Design

This cross-sectional study primarily aimed to investigate the potential associations between VAI, FLI, and thyroid
dysfunction among patients with T2DM. Conducted from January 2021 to December 2022, the research took place at the
Endocrinology Outpatient Department of 903" Hospital of the Joint Logistic Support Force of the Chinese People’s
Liberation Army. The study design and protocol underwent thorough review and approval by the hospital’s ethics
committee, ensuring adherence to ethical standards. All participants were thoroughly briefed on the study procedures and
potential risks, and provided written informed consent prior to enrollment. This strict observance of ethical protocols
highlights the study’s dedication to participant welfare and scientific rigor.

Study Population

The study population consisted of individuals aged 18 years or older who had a confirmed diagnosis of T2DM. Patients
with other endocrine disorders were excluded, as were those with severe liver or kidney dysfunction. Specifically,
individuals with alanine aminotransferase (ALT) or aspartate aminotransferase (AST) levels more than threefold the
upper normal limit, or with creatinine clearance below 30 mL/min, were not included. Additionally, patients who had
recently used medications known to affect thyroid function were excluded, as were pregnant or breastfeeding women.
Following the application of the inclusion and exclusion criteria, a final cohort of 131 patients was recruited into the
study. The process of participant recruitment and selection is depicted in Figure 1.

Data Collection

A comprehensive dataset was collected, covering both clinical and laboratory aspects. Clinical data collection involved
demographic and anthropometric parameters, including age, sex, height (HT), body weight (WT), body mass index
(BMI), waist circumference (WC), hip circumference (HC), and systolic blood pressure (SBP) measurements. Laboratory
analyses were extensive, targeting markers of metabolic status and organ function. Key assessments included fasting
blood glucose (FBG) and glycated hemoglobin (HbAlc) to assess glucose regulation, as well as lipid profile metrics,
including total cholesterol (TC), triglycerides (TG), high-density lipoprotein (HDL), and low-density lipoprotein (LDL).
Additionally, markers of hepatic function and thyroid function were measured to assess overall metabolic health and
potential organ-specific dysfunction, including AST, ALT, triiodothyronine (T3), thyroxine (T4), free triiodothyronine
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Patients were randomly selected from those who visited the Endocrinology
Outpatient Department between January 2021 and December 2022.

Patients with incomplete data related to VAI, FLI, and thyroid dysfunction
were excluded.

A total of 131 patients were ultimately included in this study

Figure | Study flow.

(FT3), free thyroxine (FT4), uric acid (UA), thyroid autoantibody levels thyroglobulin autoantibody (TGADb) and thyroid
peroxidase (TPO). These detailed assessments provided a holistic view of the participants’ health status.

Calculation of VAl and FLI
1) VAI Calculation:

For men: VAI = WC + (39.68 + 1.88 x BMI) x TG + 1.03x1.31 + HDL;

For women: VAI = WC + (36.58 + 1.89 x BMI) x TG + 0.81x1.52 + HDL;

WC = waist circumference in cm; TG = triglycerides in mmol/L; HDL = HDL cholesterol in mmol/L.
2) FLI Calculation:

FLI =0.74 x (WC x WC) — 7 x age — 14.2.

Definitions and Criteria

Thyroid dysfunction was diagnosed based on American Thyroid Association (ATA) guidelines. In this study, thyroid
dysfunction was categorized based on thyroid-stimulating hormone (TSH) levels. Specifically, hyperthyroidism was
defined as TSH levels lower than 0.4 mIU/L, reflecting an overactive thyroid gland. Conversely, hypothyroidism was
diagnosed when TSH levels exceeded 4.0 mIU/L, indicating an underactive thyroid. Additionally, VAI was used to assess
visceral fat accumulation. An abnormal VAI was defined as > 2.87 for men and > 2.72 for women. These thresholds were
established to identify individuals with significant visceral fat accumulation, which is a key marker of metabolic risk. An
FLI > 60 indicated a high risk of fatty liver. Quartiles were derived from the sample distribution; Q1 = 0.85-3.16, Q2 =
3.53-5.89, Q3 =5.90-10.93, Q4 = 11.01-57.63 for FLI; Q1 = 32.55-48.50, Q2 = 49.68-57.64, Q3 = 57.85-68.89, Q4 =
69.10-183.51 for VAL

Statistical Analysis

In this study, data were systematically processed and analyzed using the statistical software SPSS, version 26.0.
Categorical variables were summarized using frequencies and percentages to provide a clear overview of the distribution
of categorical data within the study population. This approach ensured that the data were appropriately characterized and
that subsequent statistical analyses were based on accurate descriptive statistics. Correlation analysis was performed
using Spearman or Pearson methods based on data distribution. Logistic or linear regression analyses were conducted to
control for confounders. A threshold of P < 0.05 was employed to determine statistical significance.
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Results

Association Between FLI and Metabolic and Anthropometric Indicators

This investigation explored the correlation between fatty liver and various metabolic and anthropometric parameters,
utilizing FLI quartiles as the basis for analysis. The results indicated a substantial increase in ALT and AST levels with
rising FLI values. Specifically, ALT levels escalated from 17.00 U/L (14.00-25.00) in the first quartile (Q1) to 45.00 U/L
(28.00-64.00) in the fourth quartile (Q4), while AST levels rose from 15.00 U/L (14.00-18.00) in Q1 to 26.00 U/L
(18.00-37.00) in Q4. These findings underscore a robust association between the severity of fatty liver and liver cell
injury (Table 1).

Moreover, TG levels exhibited a marked increase from 1.26 mmol/L (0.97-1.41) in Q1 to 6.11 mmol/L (4.31-7.81) in
Q4, whereas HDL levels decreased from 1.06 mmol/L (0.96-1.19) in Q1 to 0.89 mmol/L (0.80—1.06) in Q4. These
changes highlight a profound connection between fatty liver and lipid metabolism disorders. Additionally, both WC and
HC showed significant increases with rising FLI, from 82.00 cm (77.00-87.00) and 90.00 cm (88.00-94.00) in QI to
100.00 cm (94.00—108.00) and 101.00 cm (97.00-109.00) in Q4, respectively (Supplementary Table 1). These results
emphasize central obesity as a pivotal risk factor for fatty liver. Concurrently, BMI also increased from 23.01 kg/m?
(21.16-25.43) in Q1 to 29.90 kg/m? (27.63-32.50) in Q4, further solidifying the link between obesity and fatty liver
(Table 1).

The existing literature confirms that fatty liver is closely linked to obesity, metabolic disorders, and cardiovascular

disease risk. Visceral fat accumulation, a key driver of fatty liver disease, secretes adipokines and cytokines that stimulate
hepatic fat synthesis. This process contributes to insulin resistance, a condition where cells respond poorly to insulin,
further promoting hepatic fat accumulation. This vicious cycle accelerates fatty liver progression. Targeted interventions
to reduce visceral fat are essential for mitigating metabolic complications. Early identification and management of

obesity and metabolic abnormalities are critical for preventing and treating fatty liver.

Association Between Visceral Fat Accumulation and Metabolic and Anthropometric

Indicators
This research sought to examine the complex interplay between visceral fat distribution and various metabolic and
anthropometric indicators. To achieve a detailed and stratified analysis, the VAI was utilized, with participants categor-
ized into quartiles based on their VAI scores. This approach allowed for a more nuanced examination of how variations in
visceral fat distribution correlate with specific metabolic markers and anthropometric measurements. The findings of this
stratified analysis, detailed in Table 2, offer significant perspectives on the intricate relationship between visceral fat
accumulation and comprehensive metabolic health (Table 2). The findings revealed a significant increase in ALT levels,
from 18.00 U/L (13.00-31.00) in Q1 to 38.50 U/L (24.00-55.00) in Q3, and AST levels, which rose from 16.00 U/L
(13.00-19.00) in Q1 to 23.50 U/L (19.00-34.50) in Q3. These results suggest a strong link between visceral fat
accumulation and liver cell injury.

Furthermore, UA levels increased from 308.00 mg/dL (273.00-378.00) in Q1 to 425.50 mg/dL (378.00-464.75) in
Q3, while TG levels rose from 1.72 mmol/L (1.32-3.00) in Q1 to 3.75 mmol/L (2.23-6.03) in Q3. HDL levels, on the

Table | Characteristics of the Participants Categorized by FLI

FLI Quartile | Q1(0.85-3.16) Q2(3.53-5.89) Q3(5.90-10.93) Q4(11.01-57.63) P-Value
ALT, UIL 17.00 (14.00-25.00) 27.50 (19.00-39.00) 38.00 (17.00-54.00) 45.00 (28.00-64.00) <0.001
UA, mg/dL 287.00 (267.00-319.00) | 406.00 (357.00—461.25) | 345.00 (295.00-421.00) | 435.00 (380.00-492.00) | <0.001
LDL, mg/dL | 2.53 (2.02-3.41) 3.09 (2.55-3.58) 2.88 (2.33-3.50) 2.18 (1.71-3.24) 0013
AST, UL 15.00 (14.00—18.00) 20.50 (15.00-23.25) 23.00 (18.00-31.00) 26.00 (18.00-37.00) <0.001
TC, mg/dL 432 (3.61-5.18) 5.12 (4.54-5.74) 5.48 (4.37-5.94) 5.49 (5.09-6.27) <0.001
TG, mg/dL 126 (0.97-1.41) 2.11 (1.88-2.50) 3.58 (2.75-4.94) 6.11 (431-7.81) <0.001
HDL, mg/dL | 1.06 (0.96-1.19) 1.10 (0.97-1.20) 091 (0.76-1.01) 0.89 (0.80-1.06) <0.001
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Table 2 Characteristics of the Participants Categorized by VAl

VAI_Per Quartile | Q1(32.55-48.50) Q2(49.68-57.64) Q3(57.85-68.89) Q4(69.10-183.51) P-Value
ALT, UL 18.00 (13.00-31.00) 25.00 (15.75-39.50) 38.50 (24.00-55.00) 33.50 (21.25-57.50) <0.001
UA, mg/dL 308.00 (273.00-378.00) | 324.50 (290.00-422.00) | 425.50 (378.00—464.75) | 409.00 (346.25-461.00) | <0.001
LDL, mg/dL 2.98 (2.32-3.64) 2.54 (2.16-3.12) 242 (1.79-3.52) 3.06 (2.22-3.46) 0.138
AST, UL 16.00 (13.00-19.00) 19.00 (14.00-25.00) 23.50 (19.00-34.50) 22.00 (17.00-32.50) 0.001
TC, mg/dL 5.44 (4.15-6.05) 4.84 (4.17-5.40) 5.12 (4.35-5.71) 5.39 (4.80-5.80) 0315
TG, mg/dL 1.72 (1.32-3.00) 2.10 (1.40-3.46) 3.75 (2.23-6.03) 3.12 (1.77-4.63) 0.002
HDL, mg/dL 113 (0.96-1.24) 0.96 (0.88-1.12) 0.96 (0.80-1.03) 0.96 (0.85-1.09) 0.004

other hand, decreased from 1.13 mmol/L (0.96-1.24) in Q1 to 0.96 mmol/L (0.85-1.09) in Q4, indicating a significant
correlation between visceral fat accumulation and metabolic disorders (Table 2).

Anthropometric indicators also exhibited notable changes. WC increased from 80.00 cm (76.00-81.00) in QI to
106.00 cm (101.00-116.00) in Q4, HC rose from 88.00 cm (85.00-90.00) in Q1 to 107.50 cm (102.00-113.00) in Q4,
BMI increased from 21.53 kg/m? (20.78-23.44) in QI to 31.39 kg/m? (28.91-36.26) in Q4, WT rose from 59.60 kg
(56.20—62.60) in Q1 to 92.65 kg (88.08-101.07) in Q4, and SBP increased from 120.00 mmHg (107.00-128.00) in Q1 to
135.00 mmHg (120.50-145.25) in Q4 (Supplementary Table 2).

In summary, the research highlights the significant impact of visceral fat on metabolic disturbances and the risk of

cardiovascular diseases. It underscores the necessity for early detection and management of visceral fat accumulation as

a preventive measure against diseases associated with metabolic syndrome.

Relationship Between FLI and Metabolic and Thyroid Parameters
The current study sought to explore the associations between the FLI and several key metabolic parameters, including

glucose metabolism, thyroid function, and thyroid autoantibodies (Table 3). The findings revealed a notable rise in

fasting insulin levels as quartiles progressed, rising from 6.30 pU/mL (interquartile range: 4.57-9.63) in the lowest
quartile (Q1) to 11.80 pU/mL (interquartile range: 7.80—17.30) in the highest quartile (Q4). This trend was statistically
significant (P = 0.001), implying that higher FLI values are associated with worsening insulin resistance. These results

highlight the significance of the FLI as a potential indicator of insulin resistance and highlight the need for further

investigation into the interplay between fatty liver and metabolic dysfunction. Fasting C-peptide levels also rose

Table 3 The Relationship Between the Quartile Levels of FLI and Indicators Related to Diabetes and Thyroid Function

FLI Quartile Q1(0.85-3.16) Q2(3.53-5.89) Q3(5.90-10.93) Q4(11.01-57.63) P-Value
N 33 32 33 33

Fasting insulin, pU/mL 6.30 (4.57-9.63) 9.38 (7.25-12.50) 9.10 (5.70-12.20) 11.80 (7.80-17.30) 0.001
2-hour postprandial insulin, pU/mL 19.70 (15.40-37.10) 24.90 (16.70-39.32) 22.70 (15.40-30.80) 26.20 (20.10-51.10) 0.223
Fasting C-peptide, ng/mL 2.17 (1.35-2.65) 3.20 (2.75-3.73) 3.01 (251-3.62) 3.65 (2.90-4.47) <0.001
2-hour postprandial C-peptide, ng/mL 3.98 (2.33-6.61) 7.28 (4.70-10.06) 5.43 (3.86-8.89) 7.39 (5.29-9.89) 0.001
FPG, mmol/L 8.66 (6.43-13.39) 8.04 (6.76—11.48) 9.11 (7.78-13.61) 10.28 (8.11-11.78) 0.417
2-hour postprandial blood glucose, mmol/L 12.56 (9.52-16.26) 15.09 (12.67-17.19) 14.85 (11.31-17.80) 13.95 (11.24-16.05) 0.272
HbAlc, % 9.10 (6.88-10.80) 7.75 (6.97-9.22) 9.30 (7.60-11.20) 8.80 (7.50-10.50) 0.284
T3, ng/mL 0.95 (0.82-1.03) 1.06 (0.91-1.21) 0.97 (0.76—1.24) 0.98 (0.89-1.17) 0.671
T4, ng/mL 8.85 (6.92-66.58) 8.63 (7.12-10.36) 9.16 (6.77-72.70) 8.41 (7.80—49.80) 0.273
FT3, pg/mL 2.90 (2.53-3.09) 3.02 (2.75-3.26) 2.85 (2.67-3.19) 3.02 (2.86-3.40) 0.091
FT4, pg/mL 1.14 (0.98-12.26) 1.14 (1.06-1.31) 1.18 (1.03-11.90) 1.14 (1.09-11.90) 0.261
TSH, mlU/L 1.05 (0.87-1.58) 1.20 (0.86-1.71) 1.22 (0.63-1.72) 1.39 (1.06-1.92) 0.068
TGAb, IU/mL 0.62 (0.49-1.69) 0.71 (0.55-1.65) 0.61 (0.50-0.94) 0.98 (0.54-1.66) 0.373
TPO, IU/mL 0.77 (0.15-1.98) 0.46 (0.14-2.44) 0.87 (0.42-2.37) 0.97 (0.20-2.28) 0.574
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significantly from 2.17 ng/mL (1.35-2.65) in QI to 3.65 ng/mL (2.90-4.47) in Q4 (P < 0.001), suggesting a strong link
between fatty liver severity and enhanced insulin secretion. While postprandial 2-hour insulin and C-peptide levels
exhibited an increasing trend, the observed changes failed to achieve statistical significance, with P-values of 0.223 and
0.001, respectively. FPG, postprandial 2-hour glucose, and HbAlc levels exhibited fluctuations but no significant
differences (P > 0.05), indicating that the relationship between fatty liver and glucose metabolism requires further
investigation.

Regarding thyroid function, T3, T4, FT3, and FT4 levels did not reach statistical significance (P > 0.05). However, TSH
levels increased from 1.05 mIU/L (0.87-1.58) in Q1 to 1.39 mIU/L (1.06—1.92) in Q4 (P = 0.068), approaching significance
and suggesting a potential link between fatty liver and hypothyroidism. Thyroid autoantibody levels (TGAb and TPO) did
not change significantly (P > 0.05), indicating that fatty liver may not be directly related to thyroid autoimmune diseases.
The strong association observed suggests that fatty liver is not merely a consequence but also a contributing factor to
impaired insulin sensitivity. Given this interrelationship, the timely detection and intervention of insulin resistance emerge
as crucial strategies. Early management of insulin resistance through lifestyle modifications, pharmacological interventions,
or other targeted approaches could potentially reduce the incidence and severity of fatty liver.

Association Between VAl and Glucose Metabolism, Thyroid Function, and

Autoimmunity

This study explored the relationship between VAI and glucose metabolism, thyroid function, and thyroid autoantibodies,
using VAI quartiles for analysis (Table 4). The study results demonstrated a significant increase in fasting insulin levels
across quartiles, with values rising from 6.50 pU/mL (interquartile range: 5.57-12.00) in the lowest Q1 to 12.15 pU/mL
(interquartile range: 7.82—16.98) in the highest Q4. This increase was statistically significant (P = 0.002). The observed
trend indicates that as visceral fat accumulation increases, insulin resistance worsens progressively. This finding under-
scores the importance of monitoring visceral fat levels as a potential biomarker for insulin resistance. Similarly, fasting
C-peptide levels rose significantly from 1.95 ng/mL (1.35-2.75) in Q1 to 3.63 ng/mL (2.89—4.50) in Q4 (P < 0.001),
underscoring the link between visceral fat and enhanced insulin secretion. Although postprandial 2-hour insulin and
C-peptide levels demonstrated an upward trend, they did not attain complete statistical significance, with P-values of
0.016 and less than 0.001, respectively, possibly due to sample size limitations or individual variability.

Regarding glucose metabolism, FPG and HbAlc levels exhibited fluctuations but no significant trends (P > 0.05),
suggesting a potential association between visceral fat and glucose metabolism that warrants further investigation. In
terms of thyroid function, T3 levels increased from 0.93 ng/mL (0.81-1.03) in QI to 1.11 ng/mL (0.96-1.29) in Q3
before slightly decreasing in Q4 (P = 0.018), indicating a possible impact of visceral fat on thyroid function. However,

Table 4 The Relationship Between the Quartile Levels of VAl and Indicators Related to Diabetes and Thyroid Function

VAI_PER Quartile Q1(0.85-3.16) Q2(3.53-5.89) Q3(5.90-10.93) Q4(11.01-57.63) P-Value
N 33 32 32 34

Fasting insulin, pU/mL 6.50 (5.57-12.00) 8.10 (5.09-9.77) 10.10 (7.22-12.43) 12.15 (7.82-16.98) 0.002
2-hour postprandial insulin, pU/mL 17.00 (13.90-29.40) 22.65 (15.40-37.43) 26.20 (22.35-39.95) 24.85 (16.20—49.45) 0.016
Fasting C-peptide, ng/mL 1.95 (1.35-2.75) 2.73 (2.38-3.19) 3.34 (2.90-4.00) 3.63 (2.89-4.50) <0.001
2-hour postprandial C-peptide, ng/mL 3.93 (2.27-5.08) 5.89 (3.75-8.54) 7.79 (5.63-9.80) 6.71 (5.21-9.83) <0.001
FPG, mmol/L 12.82 (8.72-14.48) 7.46 (6.52-9.94) 8.71 (7.19-10.61) 9.29 (7.04-11.69) 0.009
2-hour postprandial blood glucose, mmol/L 15.85 (11.19-18.41) 13.84 (11.03-15.65) 13.77 (10.96-16.82) 13.93 (11.25-16.30) 0.475
HbAlc, % 9.80 (7.95-11.38) 8.05 (6.97-9.57) 7.95 (6.95-9.70) 9.00 (7.78-10.65) 0.041
T3, ng/mL 0.93 (0.81-1.03) 0.96 (0.86—1.18) 1.1l (0.96-1.29) 0.97 (0.83-1.16) 0.018
T4, ng/mL 8.09 (7.02-9.92) 8.65 (6.82-67.46) 8.97 (7.44-55.93) 8.60 (7.51-11.07) 0.711
FT3, pg/mL 2.82 (2.45-3.09) 2.99 (2.75-3.26) 2.99 (2.81-3.39) 2.99 (2.67-3.21) 0.161
FT4, pg/mL 1.16 (1.03-1.30) 1.10 (1.01-11.99) 1.18 (1.09-12.00) 1.18 (1.06-1.35) 0.473
TSH, mIU/L 1.05 (0.85-1.42) 1.19 (0.89-1.68) 1.33 (0.96-2.52) 1.16 (0.72-1.58) 0.122
TGAb, IU/mL 0.62 (0.46—1.68) 0.68 (0.50-1.54) 0.69 (0.50-1.82) 0.94 (0.54-1.49) 0.516
TPO, IU/mL 0.35 (0.09-1.98) 0.74 (0.25-2.05) 0.97 (0.24-2.24) 0.83 (0.42-2.46) 0.417
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changes in T4, FT3, and FT4 levels were not significant (P > 0.05). TSH levels rose from 1.05 mIU/L (0.85-1.42) in Q1
to 1.33 mIU/L (0.96-2.52) in Q3 before slightly decreasing in Q4 (P = 0.122), approaching significance and suggesting
a potential link between visceral fat and hypothyroidism. Thyroid autoantibody levels (TGAb and TPO) did not change
significantly (P > 0.05), evidencing that visceral fat accumulation may not be directly related to thyroid autoimmune
diseases.

In synthesizing the findings of this study, it is evident that visceral fat accumulation plays a pivotal role in the
development and progression of insulin resistance and metabolic disorders. The strong associations identified suggest that
visceral fat is not merely a marker but also a significant contributor to these metabolic derangements. Early detection of
visceral fat accumulation, therefore, emerges as a crucial preventive strategy.

Discussion

This study aimed to explore the associations among the VAI, FLI, and thyroid dysfunction in individuals with
T2DM.*>® Considering the rising incidence of metabolic disorders in this demographic, understanding these associa-
tions is crucial for developing targeted interventions. The VAI and FLI are well-established markers of adiposity and
hepatic steatosis, respectively, while thyroid dysfunction is known to influence metabolic homeostasis. Our findings
reveal significant interactions between these indices and thyroid function, suggesting that adiposity and hepatic fat
accumulation may modulate thyroid dysfunction in T2DM patients. These findings underscore the necessity for a holistic
strategy in addressing metabolic health within this population, encompassing both adiposity and thyroid function.

Our results demonstrate that both VAI and FLI are strongly associated with key metabolic and anthropometric
indicators, highlighting their potential as markers of metabolic dysfunction. The significant correlations observed
between FLI and liver enzymes, such as ALT and AST, as well as lipid profiles, underscore the central role of fatty
liver in metabolic syndrome. Similarly, VAI showed robust associations with metabolic parameters, including elevated
liver enzymes, uric acid, and insulin resistance markers. In clinical applications, thresholds for VAI (> 32.55) and FLI (>
0.85) may be used to predict early diabetes screening. The results align with prior research identifying visceral adiposity
and fatty liver as primary contributors to insulin resistance and metabolic disturbances.

The associations identified between the VAI and the FLI with multiple metabolic markers emphasize the importance
of early detection and treatment of visceral fat accumulation and fatty liver. Such results indicate that addressing these
conditions promptly could reduce the likelihood of metabolic complications in patients with T2DM.?”** Central obesity,
characterized by increased WC and BMI, was identified as a significant predictor of both VAI and FLI. This finding
further emphasizes the need for targeted interventions aimed at addressing obesity in this patient population. Considering
the significant link between central obesity and metabolic dysfunction, approaches including exercise, high-fiber dietary
nutrition, and glucagon-like peptide 1 receptor (GLP-1RA) pharmacotherapy should be prioritized in the management of
T2DM to diminish hospitalizations and reduce the economic burden of obesity-related complications.***' Prioritizing
physical activity reduces immediate postprandial glucose and enhances metabolic flexibility through mitochondrial
energy metabolism and insulin sensitization. Second, dietary interventions emphasizing high-quality fermentable fiber
modulate the gut microbiota composition, thereby amplifying endogenous GLP-1 secretion via the intestinal L-cell-GLP-
1 axis. Third, the low-cost, convenient route of administration and effective GLP-1RA (dulaglutide, semaglutide,
extended-release exenatide and albiglutide) pharmaceutical offer multi-targeted regulation: suppressing feeding behavior
through central appetite circuits, restoring glucose-dependent insulin secretion, inhibiting glucagon secretion, promoting
weight loss via lipolysis activation, and conferring cardiorenal protection through anti-inflammatory and anti-atherogenic
effects. Collectively, this combined strategy of interventions toward preventive economics shows that early investment in
multimodal metabolic health preservation yields more than late-stage complication treatment.

The study also explored the potential links between VAI or FLI and thyroid function. While no significant associa-
tions were observed between VAI or FLI and thyroid hormone levels, such as T3, T4, FT3, and FT4, a trend towards
elevated TSH levels with increasing FLI and VAI quartiles suggests a potential relationship between visceral adiposity,
fatty liver, and subclinical hypothyroidism. This finding is particularly noteworthy given the regulatory role of thyroid
hormones in metabolism and the known impact of thyroid dysfunction on insulin resistance and lipid profiles.
Furthermore, during starvation or systemic inflammation, T3/T4 levels were suppressed with non-elevated or decreased
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TSH, reflecting abnormal negative feedback regulation of the hypothalamic-pituitary-thyroid (HPT) axis.** Intriguingly,
FT4/FT3 ratios revealed a positive correlation with diabetic kidney disease (DKD) and microalbuminuria progression,
whereas TSH levels did not show a correlation in both analyses in T2DM patients and normal TH levels (P > 0.05).*
These discrepancies may originate from methodological heterogeneity, which includes population selection biases and
incomplete adjustment for confounders. Secondly, metformin treatment induced TSH suppression via AMPK-dependent
inhibition of hypothalamic TRH expression, potentially obscuring the relationships of VAI or FLI and thyroid hormone
levels.** Studies have shown that even in thyroid patients, there was no significant correlation between VAI and thyroid
function tests and autoantibodies and thyroid volume, which is consistent with the findings of this study.*’ Future
prospective studies with serial thyroid function assessments and further expansion of the sample size may be needed to
ensure study rigor.

The lack of significant changes in thyroid autoantibody levels, such as TGAb and TPO, indicates that the observed
trends in thyroid function are unlikely to be driven by autoimmune thyroid disease. Instead, the potential link between
VAI or FLI and thyroid function may reflect the broader metabolic derangements associated with visceral adiposity and
fatty liver.

In conclusion, this research offers fresh perspectives on the interconnections between VAI FLI, and thyroid function
among patients with T2DM. The results underscore the significance of promptly detecting and addressing visceral fat
accumulation and fatty liver to reduce metabolic hazards and suggest the broader involvement of thyroid function in
metabolic syndrome.

Conclusion

In conclusion, this research highlights the significant impact of visceral adiposity and fatty liver on the metabolic
disturbances seen in individuals with T2DM. The results emphasize the necessity for early identification and manage-
ment of visceral fat accumulation and fatty liver to reduce metabolic risks and enhance clinical outcomes in this patient

group.
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