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Introduction: Nonalcoholic fatty liver disease (NAFLD) is a globally prevalent metabolic disorder that has attracted increasing
clinical and public health attention. Although several studies have suggested a potential link between thyroid hormone levels and the
risk of NAFLD, existing epidemiological evidence remains limited and inconsistent. Therefore, this study aims to investigate the
association between thyroid hormone sensitivity and NAFLD in individuals with normal thyroid function. Furthermore, we sought to
explore whether this association differs according to the presence or absence of metabolic comorbidities, particularly type 2 diabetes
mellitus (T2DM) and non-diabetic (non-DM) status.

Methods: We included 460 adults with normal thyroid function, comprising 229 patients with T2DM and 231 without diabetes.
Steatosis was assessed using liver ultrasonography.

Results: Both the thyroid feedback quantile index based on free thyroxine (TFQI-FT4) and that based on free triiodothyronine (TFQI-FT3)
were positively associated with the presence of NAFLD (Q4 vs Q1, Model 3: TFQI-FT4, OR = 3.290, 95% CI: 1.390-7.787, p = 0.007; TFQI-
FT3, OR = 2.344, 95% CI: 1.010-5.439, p = 0.047). Among individuals with type 2 diabetes mellitus (T2DM), a higher FT3/FT4 ratio was
associated with a lower risk of NAFLD (Q3 vs Q1, Model 2: OR =0.221, 95% CI: 0.053-0.921, p = 0.038), although the comparison between
Q4 and Q1 did not reach statistical significance (OR = 0.402, 95% CI: 0.100-1.614, p = 0.199). In contrast, among non-diabetic individuals,
a higher FT3/FT4 ratio was positively associated with NAFLD (Q4 vs Q1, Model 2: OR = 3.390, 95% CI: 1.003-11.463, p = 0.049).
Conclusion: Thyroid hormone sensitivity is associated with the development of NAFLD development in individuals with normal
thyroid function and may be influenced by the presence of T2DM.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is a chronic liver condition characterized by hepatic steatosis affecting more
than 5% of hepatocytes in the absence of significant alcohol consumption or other chronic liver diseases. It typically
begins as simple steatosis but may progress in some individuals to nonalcoholic steatohepatitis (NASH), hepatic fibrosis,
cirrhosis, or even hepatocellular carcinoma.'” The global prevalence of NAFLD continues to rise, with recent epide-
miological studies estimating a global prevalence of approximately 25%, and about 27% among Asian populations.’
NAFLD is closely associated with type 2 diabetes mellitus (T2DM).* A recent meta-analysis indicated that the
prevalence of NAFLD in patients with T2DM ranged from 47.3 to 63.7%, and these patients were more likely to
develop advanced fibrosis, cirrhosis, and hepatocellular carcinoma than those without diabetes.’ Furthermore, NAFLD
also adversely affects the development of T2DM with increasing severity of liver fibrosis.® Therefore, early detection and
prevention of NAFLD in patients with T2DM are essential.
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Liver plays a significant role in the activation, inactivation, transport, and metabolism of thyroid hormones, and therefor
hepatic dysfunction may also result in thyroid dysfunction.” Thyroid hormones play a pivotal role in maintaining hepatic
lipid homeostasis by regulating mitochondrial function, endoplasmic reticulum (ER) stress, and the synthesis, transport, and
metabolism of fatty acids and cholesterol. Disruption of these regulatory processes may contribute to the onset and
progression of nonalcoholic fatty liver disease (NAFLD).® A systematic review encompassing 43 studies further highlights
that alterations in thyroid hormone levels or activity have a direct impact on hepatic metabolic function.” Meanwhile, existing
research has also shown that, Abnormal thyroid hormone sensitivity has been associated with several metabolic diseases,
such as diabetes, obesity, hyperuricemia, cardiovascular disease, metabolic syndrome, NAFLD, and hepatic fibrosis.'® '
However, most studies focused on the impact of thyroid hormone sensitivity on patients with thyroid dysfunction.

Negative feedback regulation occurs between the hypothalamus, pituitary gland, and thyroid gland, mediating an
inverse correlation between thyroid hormones and thyroid stimulating hormone (TSH). However, thyroid hormone and
TSH levels are elevated in patients with thyroid hormone resistance syndrome, possibly due to genetic mutations.'’
Thyroid hormone resistance can develop central resistance to thyroid hormones, affecting the central nervous system
feedback loops, inducing peripheral resistance, and reducing metabolic rates.'®'? Laclaustra et al proposed that thyroid
hormone resistance could also reduce sensitivity to central and peripheral thyroid hormones and could be evaluated by
the thyroid feedback quartile-based index (TFQI). TFQI is an index of central thyroid hormone sensitivity that reflects
thyroid homeostasis, which better describes the relationship between thyroid hormones, NAFLD, and diabetes. The index
is also applicable to individuals with normal thyroid function.'

The Thyroid Feedback Quantile-based Index (TFQI), proposed by Martin Laclaustra et al in 2019, is a novel
indicator designed to evaluate the sensitivity of the hypothalamic-pituitary-thyroid (HPT) axis feedback. One of the
main advantages of TFQI is its robustness against extreme values. Its clinical relevance has been validated using data
from the NHANES cohort, demonstrating significant associations with diabetes, obesity, and other components of
metabolic syndrome.'® In terms of clinical aspects, Two cross-sectional studies suggested that TFQI-FT3 and FT3/FT4
ratios could serve as novel predictors of NAFLD/MAFLD. However, evidence supporting the role of TFQI-FT4 in
predicting NAFLD is insufficient.'**° Another study concluded that TEQI-FT4, TFQI-FT3, TSH index (TSHI), and
thyrotropin-stimulating hormone-T4 resistance index (TT4RI) are potential predictors of MAFLD but did not include
the thyroid hormone peripheral sensitivity index.?' In a study involving patients with a primary diagnosis of T2DM,
the prevalence of MAFLD increased with higher values of TFQI-FT3, thyrotropin triiodothyronine resistance index
(TT3RI), TT4RI, and FT3/FT4. However, these correlations were insignificant after adjusting for body mass index
(BMI) and the homeostatic model assessment for insulin resistance (HOMA-IR).'® The results of these studies are
controversial, and there are limited studies in both T2DM and non-diabetic populations. In addition, although previous
studies have reported associations between body mass index (BMI), fasting plasma glucose (FPG), glycated hemoglo-
bin (HbAlc), serum lipid profiles, and uric acid (UA) levels with the risk of nonalcoholic fatty liver disease
(NAFLD),?> 2 the interplay between these metabolic indicators, thyroid hormone sensitivity, and NAFLD has not
yet been fully elucidated.

Therefore, this study aimed to separately analyze patients with type 2 diabetes mellitus (T2DM) and non-diabetic
(non-DM) individuals, using a more comprehensive set of thyroid hormone sensitivity indices along with metabolic
biomarkers. We explored the associations between both central and peripheral thyroid hormone sensitivity and the
presence of NAFLD, highlighting their commonalities and distinctions across metabolic backgrounds. This research
provides novel clinical evidence on the relationship between thyroid hormone sensitivity and NAFLD and helps to fill the
gap in current studies involving both T2DM and non-DM populations.

Materials and Methods

Participants and Study Design

Between October 2022 and October 2023, the study recruited a total of 460 individuals from The Second Affiliated
Hospital of Harbin Medical University, among which229 were patients with T2DM. Inclusion criteria included T2DM
diagnosis based on the 2020 edition of the Chinese T2DM Prevention and Treatment Guidelines?’ and normal thyroid
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hormone levels. Exclusion criteria included a history of alcohol over-consumption (defined as not less than 210 g of
ethanol per week for men and 140 g per week for women within the past 12 months); other diseases causing fatty liver,
such as autoimmune and viral liver diseases; a history of liver and gallbladder surgery; presence of endocrine system
disorders, such as acute complications of diabetes, hypothalamic and pituitary disorders, thyroid disease history, or
previous thyroid surgery; use of drugs that affect thyroid metabolism, such as amiodarone and corticosteroids; infectious
diseases, immunological diseases, malignant tumors, and blood system diseases; pregnancy or breastfeeding; age < 18
years; incomplete medical records. For the remaining 231 non-DM patients, the inclusion criteria included normal
thyroid function, normal blood glucose and glycated hemoglobin levels, and no history of diabetes, and the exclusion
criteria were the same as those for patients with T2DM. The Ethics Committee of The Second Affiliated Hospital of
Harbin Medical University approved the study (approval number: YJSKY2023-371). Informed consent was obtained
from all participants, as required by the ethics committee.

Data Collection

In our hospital, patients’ age, sex, T2DM duration, height, and weight obtained by specialized nurses. Fasting blood
samples were collected from all patients for analysis of serum levels of FT3, FT4, TSH, thyroglobulin antibody
(TgAb), and thyroid peroxidase antibody (TPOADb) d using chemiluminescence. A fully automated biochemical
analyzer was used to measure alanine aminotransferase (ALT), aspartate transaminase (AST), glutamyl transpeptidase
(GGT), glycosylated hemoglobin (HbAlc), albumin, uric acid (UA), total cholesterol (TC), triglycerides (TG), high-
density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), fasting plasma glucose (FPG),
and fasting C-peptide (FCP) levels. Liver ultrasonography was also performed by an experienced sonographer after
patients fasted for at least 8 hours as part of the routine examination. All data were retrieved retrospectively from
medical and laboratory records.

Data Definitions and Calculation Formulas
Thyroid Hormone Sensitivity
Indices used to evaluate central thyroid hormone sensitivity include the Thyroid Feedback Quantile-based Index
(TFQI), with values ranging from —1 to +1. A TFQI value closer to —1 indicates higher sensitivity and a strong
feedback response, whereas a value closer to +1 reflects reduced sensitivity and impaired feedback regulation,
A value of 0 indicates normal sensitivity.'” In euthyroid individuals, additional indices reflecting the FT4-TSH
feedback relationship include the Thyroid-Stimulating Hormone Index (TSHI)'® and the Thyrotroph T4 Resistance
Index (TT4RI)." By substituting FT3 for FT4 in the TFQI-FT4 formula, the TFQI-FT3 can be calculated, and
a similar approach is used to derive the Thyrotroph T3 Resistance Index (TT3RI).'* Peripheral thyroid hormone
sensitivity is assessed using the FT3/FT4 ratio. The specific calculation formulas are as follows:

TFQI — FT4 = cdfFT4 — (1-cdf TSH)

TFQI — FT3 = cdfFT3 — (1-cdfTSH)

TSHI = InTSH (mIU/L) + 0.1345*FT4 (pmol/L)

TT4RI = FT4 (pmol/L)*TSH (mIU/L)

TT3RI = FT3 (pmol/L)* TSH (mIU/L)

FT3/FT4 = FT3 (pmol/L)/FT4 (pmol/L)

The term cdf refers to the empirical cumulative distribution function of hormone concentrations, representing the
percentile rank of a given hormone level within the overall sample.

TSHI is defined as the maximum theoretical TSH level, assuming no pituitary feedback inhibition when the FT4
value is zero. Higher TSHI, TT4RI, and TT3RI values indicate decreased central sensitivity to thyroid hormones,
whereas a higher FT3/FT4 ratio indicates increased peripheral sensitivity.

Non-Invasive Fibrosis Scores
NAFLD fibrosis score (NFS), fibrosis-4 index (FIB-4),*® and aspartate aminotransferase-to-platelet ratiometric index
(APRI)* were calculated using the following formulas:
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NFS =-1.675 + 0.037 x age (year) + 0.094 x BMI (kg/m?) + 1.13 x impaired fasting glucose/DM (yes = 1, no = 0) +
0.99 x AST/ALT — 0.013x platelet count (x 10°/L) — 0.66 x albumin (g/dL)

FIB-4 = [age (years) x AST (U/L)]/{platelet count (x 10°/L) x [ALT (U/L)1/2]}

APRI = [(AST/upper limit of normal)/platelet count (x 10°/L)] x 100

NFS > 0.676, FIB-4 > 2.67, and APRI > 1.5 indicate a risk of advanced liver fibrosis.

Otherwise
Reference ranges for thyroid parameters: FT3 (2.43—6.01 pmol/L), FT4 (9.01-19.5 pmol/L), TSH (0.35-4.94 pIU/mL),
TgAb (0-4.11 ITU/mL), and TPOAb (0—4.11 IU/mL). Normal thyroid function was defined as FT3, FT4, TSH, TPOADb,
and TgAbD levels above the lower limit of the assay and below its upper limit. The ultrasound manifestations of NAFLD
included blurred intrahepatic bile duct structures, diffuse enhancement of hepatic near-field echoes, and gradual
attenuation of far-field echoes.

BMI = weight (kg)/height (m?).

HOMA-IR = FPG (mmol/L) x fasting insulin (FINS, ulU/mL)/22.5.

Statistical Analysis

Statistical analyses were performed using SPSS version 27.0 (IBM Corp., Armonk, NY, USA) and R software (version 4.3.2;
R Foundation for Statistical Computing, Vienna, Austria). The Kolmogorov—Smirnov test was used to assess the normality of
the data. Continuous normally distributed variables are presented as mean + standard deviation. Intergroup comparisons were
made using a t-test. Medians (interquartile ranges) were calculated for continuous variables with skewed distributions, and
the rank-sum test was applied to compare groups. Categorical variables are presented as percentages (%), and intergroup
comparisons were made using the chi-squared test. Binary logistic regression was used to analyze the relationship between
the thyroid hormone sensitivity index and NAFLD. Post hoc power analysis was performed using R software to assess the
robustness of the logistic regression results obtained in this study. We controlled for patient sex, age, and duration of T2DM
in Model 1, then adjusted for T2DM in Model 2, and adjusted for metabolic factors, including FPG, HbAlc, TC, TG, HDL-
C, LDL-C, and UA levels in Model 3. Participants were then separated into the T2DM and non-DM groups, and binary
logistic regression was used to analyze the relationship between the thyroid hormone sensitivity index and NAFLD in both
groups. In the T2DM group, Model 1 was adjusted for sex, age, T2DM duration, and metabolic factors, including FPG,
HbAlc, HOMA-IR, TC, TG, HDL-C, LDL-C, and UA levels, and further adjusted for BMI in Model 2. In the non-DM
group, Model 1 was adjusted for sex, age, and FPG, TC, TG, HDL-C, LDL-C, and UA levels, and Model 2 was further
adjusted for BMI. We examined the participants’ receiver operating characteristic curves (ROCs), plotted the sensitivity
against 1-specificity, and calculated the critical values based on the results. Finally, Spearman’s rank correlation analysis was
used to explore correlations between thyroid parameters and non-invasive fibrosis scores. Data are expressed as two-sided
p-values. Statistical significance was set at p < 0.05. GraphPad Prism 8.0.2 software was used to create graphics.

Results

Clinical Characteristics of Participants

Among 460 participants, 251 (54.6%) were diagnosed with NAFLD, while 209 (45.4%) were not. The percentage of
male participants and BMI, HbAlc, FPG, FINS, FCP, HOMA-IR, ALT, AST, GGT, FT3, FT4, TC, TG, LDL-C, UA,
TSHI, TT4RI, TT3RI, and FT3/FT4 levels were higher in NAFLD group than non-NAFLD group, whereas HDL-C,
TFQI-FT4 and TFQI-FT3 values were lower in the NAFLD group (p < 0.05) (Table 1).

Correlation Between Thyroid Hormone Sensitivity and NAFLD

Thyroid hormone sensitivity indices were divided into quartiles (Q1-Q4), and logistic regression analyses were
performed. In Model 1, adjusted for age, sex, and duration of T2DM, higher quartiles of TFQI-FT4 (Q4 vs Q1: OR =
2.345, 95% CI: 1.358-4.051, p = 0.002), TFQI-FT3 (OR = 3.271, 95% CI: 1.841-5.812, p < 0.001), TSHI (OR = 2.266,
95% CI: 1.248-4.114, p = 0.007), TT4RI (OR = 1.863, 95% CI: 1.056-3.287, p = 0.032), and TT3RI (OR = 2.130, 95%
CI: 1.222-3.715, p = 0.008) were all significantly associated with an increased risk of NAFLD. In contrast, the FT3/FT4
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Table 1 Characteristics of the Study Population According to NAFLD Status

All Non-NAFLD NAFLD P
Number (%) 460 209 (45.4) 251 (54.6)
Clinical Info
T2DM (%) 229 97 (42.4) 132 (57.6) 0.187
Sex < 0.001
Male 247 (53.7) 90 (36.4) 157 (63.6)
Female 213 (46.3) 119 (55.9) 94 (44.1)
Age (years) 52.00 (40.00, 59.00) 55.00 (47.25, 61.00) 48.00 (38.00, 57.00) 0.645
Duration of T2DM (years) 5.00 (2.00, 10.00) 8.00 (3.00, 13.00) 4.00 (1.00, 9.00) 0.864
BMI (kg/m?) 25.05 (22.13, 29.00) 22.10 (20.59, 23.67) 27.85 (25.27, 30.79) < 0.001
Laboratory parameters
HbAlc (%) 8.10 (7.00, 9.35) 7.40 (6.73, 9.00) 8.5 (7.33, 9.50) 0.016
FPG (mmol/L) 7.14 (6.03, 8.28) 6.81 (5.85, 8.30) 7.36 (6.17, 8.30) < 0.001
FINS 16.30 (11.50, 22.23) 13.65 (9.65, 19.10) 17.55 (12.30, 25.10) < 0.001
FCP 1.30 (0.99, 2.21) 1.10 (0.79, 1.41) 1.81 (1.10, 2.61) < 0.001
HOMA-IR 5.25 (3.34, 7.36) 4.63 (249, 6.81) 6.05 (4.08, 8.35) < 0.001
ALB (g/L) 46.58+3.14 46.48+3.05 46.66+3.22 0.522
ALT (U/L) 20.00 (14.00, 33.75) 17.00 (12.25, 20.75) 27.00 (17.00, 54.75) < 0.001
AST (U/L) 19.00 (15.00, 24.00) 16.00 (14.25, 19.00) 22.00 (16.00, 35.5) < 0.001
GGT (U/L) 27.00 (17.00, 46.75) 17.00 (13.00, 23.75) 40.00 (26.25, 64.00) <0.001
TC (mmol/L) 4.86+0.98 4.64+0.88 5.04%+1.03 <0.001
TG (mmol/L) 1.64 (1.10, 2.85) 1.24 (0.94, 1.63) 2.40 (1.42, 391) <0.001
HDL-C (mmol/L) 1.09 (0.92, 1.29) 1.21 (1.03, 1.35) 1.02 (0.87, 1.19) <0.001
LDL-C (mmol/L) 3.04+0.89 2.92+0.82 3.13+0.93 0.012
UA (umol/L) 322.00 (270.00, 374.75) 297.00 (268.00, 331.75) 348.00 (270.33, 416.60) <0.001
Thyroid parameters
FT3 (pmoli/L) 4.72+0.68 4.49+0.58 4.90+0.70 <0.001
FT4 (pmol/L) 16.80 (15.09, 18.91) 15.78 (14.51, 17.28) 17.66 (15.93, 19.59) 0.005
TSH (plU/mL) 1.99 (1.43, 2.75) 1.93 (1.36, 2.69) 2.03 (1.45, 2.81) 0.205
TFQI-FT4 —0.029+0.39 —0.088+0.38 0.020+0.39 0.003
TFQI-FT3 —0.004+0.41 —0.107+0.38 0.082+0.41 <0.001
TSHI 3.01 (253, 3.30) 2.80 (241, 3.13) 3.08 (2.69, 3.45) 0.007
TT4RI 33.54(24.27, 44.91) 30.00 (22.00, 42.08) 37.27 (25.91, 47.80) 0.031
TT3RI 10.21 (6.83, 13.81) 9.17 (6.51, 12.85) 11.00 (7.70, 14.39) 0.003
FT3/FT4 0.32+0.05 0.31+0.05 0.32+0.05 0.022

Notes: The bold values indicate statistically significant differences when compared with the non-NAFLD group (p < 0.05). Data are presented as means
* standard deviations or medians (interquartile ranges) for continuous variables, and numbers (proportions) for categorical variables. P values are
calculated by t-test and Mann—Whitney tests for continuous variables, Chi-square tests for categorical variables.

Abbreviations: T2DM, type 2 diabetes mellitus; NAFLD, non-alcoholic fatty liver disease; BMI, body mass index; HbAc, glycosylated hemoglobin;
FPG, fasting plasma glucose; FINS, fasting insulin; FCP, fasting C-Peptide; HOMA-IR, homeostasis model assessment of insulin resistance; ALB, albumin;
ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transpeptidase; TC, total cholesterol; TG, triglyceride; HDL-C,
high-density lipoprotein-cholesterol; LDL-C, low-density lipoprotein-cholesterol; UA, uric acid; PLT, platelet count; FT3, free triiodothyronine; FT4, free
thyroxine; TSH, thyroid-stimulating hormone; TFQI-FT4, the thyroid feedback quantile-based index calculated by FT4; TFQI-FT3, the thyroid feedback
quantile-based index calculated by FT3; TSHI, TSH index; TT4RI, thyrotropin T4 resistance index; TT3RI, thyrotropin T3 resistance index; FT3/FT4,
FT3 to FT4 ratio.

ratio showed no significant association (OR = 1.481, 95% CI: 0.849-2.583, p > 0.05). In Model 2, which further adjusted
for T2DM status, TFQI-FT4 (OR = 2.286, 95% CI: 1.319-3.963, p = 0.003) and TFQI-FT3 (OR = 3.148, 95% CI:
1.763-5.619, p < 0.001) remained significantly associated with NAFLD. However, the associations for TSHI and TT4RI
were no longer statistically significant (TSHI: OR = 1.896, 95% CI: 0.984-3.652, p > 0.05; TT4RI: OR = 1.528, 95% CI:
0.837-2.791, p > 0.05). Interestingly, the FT3/FT4 ratio became positively associated with NAFLD (Q4 vs Q1: OR =
1.823, 95% CI: 1.021-3.257, p = 0.042). In Model 3, with additional adjustments for FPG, HbAlc, TC, TG, HDL-C,
LDL-C, and UA, only TFQI-FT4 (OR = 3.290, 95% CI: 1.390-7.787, p = 0.007) and TFQI-FT3 (OR = 2.344, 95% CI:
1.010-5.439, p = 0.047) remained significantly associated with NAFLD. The associations for TSHI, TT4RI, TT3RI, and
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FT3/FT4 ratio were no longer statistically significant (see Table 2). To further visualize the relationship between thyroid
hormone sensitivity indices and NAFLD, scatter plots with fitted trend lines were generated (Figure 1). TFQI-FT3 and
TFQI-FT4 showed a clear positive correlation with NAFLD, providing additional support for the findings from the
regression analysis.

In the T2DM group, thyroid hormone sensitivity indices were categorized into quartiles. In Model 1, which was
adjusted for age, sex, duration of T2DM, FPG, HbAlc, HOMA-IR, TC, TG, HDL-C, LDL-C, and UA, the highest
quartile (Q4) compared to the lowest (Q1) showed significant positive associations with NAFLD for TFQI-FT4 (OR =
5.495, 95% CI: 1.986-15.206, p = 0.001), TFQI-FT3 (OR = 4.001, 95% CI: 1.496-10.697, p = 0.006), TSHI (OR =
2.623, 95% CI: 1.028-6.697, p = 0.044), TT4RI (OR = 5.466, 95% CI: 1.992-14.999, p < 0.001), and TT3RI (OR =
4.088, 95% CI: 1.547-10.802, p = 0.005). However, the FT3/FT4 ratio was not significantly associated with NAFLD in
Model 1 (OR = 0.945, 95% CI: 0.364-2.457, p > 0.05). After further adjusting for BMI in Model 2, the associations for
all five indices were no longer statistically significant (p > 0.05), suggesting that BMI may act as a mediator or
confounder in these relationships. Notably, although the comparison of Q4 vs Q1 for the FT3/FT4 ratio did not reach
statistical significance (OR = 0.402, 95% CI: 0.100—1.614, p = 0.199), the comparison of Q3 vs Q1 revealed a significant
protective association (OR = 0.221, 95% CI: 0.053-0.921, p = 0.038), indicating a potential risk-reducing effect at
moderate FT3/FT4 levels (see Table 3).

Table 2 Correlation of Thyroid Hormone Sensitivity Quartiles and NAFLD in Binary Logistic Regression Analysis

Index Model | Model 2 Model 3

OR (95% CI) P OR (95% CI) P OR (95% CI) P
TFQI-FT4
Q2 vs QI 1.802(1.053-3.085) 0.032 1.780(1.037-3.055) 0.036 2.260(0.991-5.155) 0.053
Q3 vs QI 1.436 (0.883-2.461) 0.188 1.433(0.834-2.463) 0.193 1.243(0.531-2.906) 0616
Q4 vs QI 2.345(1.358-4.051) 0.002 2.286(1.319-3.963) 0.003 3.290(1.390-7.787) 0.007
TFQI-FT3
Q2 vs QI 0.940(0.551-1.604) 0.822 0.906(0.529-1.554) 0.721 0.861(0.380—1.954) 0.720
Q3 vs QI 1.435 (0.837-2.459) 0.189 1.386(0.806—2.386) 0.238 0.976(0.445-2.138) 0.951
Q4 vs QI 3.271(1.841-5.812) <0.001 3.148(1.763-5.619) <0.001 2.344(1.010-5.439) 0.047
TSHI
Q2 vs QI 0.731(0.426—1.253) 0.254 0.707(0.411-1.215) 0.209 0.719(0.269-1.923) 0.511
Q3 vs QI 1.038(0.603—1.789) 0.892 0.919(0.517-1.633) 0.773 0.697(0.266—1.825) 0.463
Q4 vs QI 2.266(1.248—4.114) 0.007 1.896(0.984-3.652) 0.056 1.255(0.465-3.385) 0.654
TT4RI
Q2 vs QI 0.802(0.470-1.369) 0.419 0.770(0.450-1.318) 0.341 0.530(0.211-1.330) 0.176
Q3 vs QI 0.934(0.544-1.603) 0.804 0.796(0.452—-1.399) 0.428 0.558(0.226-1.374) 0.204
Q4 vs QI 1.863(1.056-3.287) 0.032 1.528(0.837-2.791) 0.168 0.916(0.366-2.293) 0.851
TT3RI
Q2 vs QI 0.810 (0.475-1.383) 0.441 0.800 (0.468-1.367) 0.414 0.904(0.379-2.158) 0.820
Q3 vs QI 1.524(0.888-2.617) 0.126 1.415(0.817-2.452) 0.215 0.920(0.383-2.207) 0.851
Q4 vs QI 2.130(1.222-3.715) 0.008 1.870(1.047-3.342) 0.035 1.323(0.571-3.065) 0514
FT3/FT4
Q2 vs QI 0.867 (0.510-1.474) 0.598 0.952 (0.553-1.637) 0.858 0.957(0.442-2.074) 0.912
Q3 vs QI 1.035 (0.605-1.770) 0.901 1.220(0.701-2.124) 0.482 0.653(0.283-1.507) 0.318
Q4 vs QI 1.481(0.849-2.583) 0.167 1.823(1.021-3.257) 0.042 1.329(0.537-3.288) 0.538

Notes: Bold values indicate statistically significant differences (p < 0.05). Model | adjusted for age, sex, and T2DM duration; Model 2 adjusted for
Model | covariates and T2DM; Model 3 adjusted for Model 2 covariates and fasting plasma glucose (FPG), glycosylated hemoglobin (HbAIc), total
cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), uric acid (UA).
Abbreviations: FT3, free triiodothyronine; FT4, free thyroxine; TSH, thyroid-stimulating hormone; TFQI-FT4, the thyroid feedback quantile-based
index calculated by FT4; TFQI-FT3, the thyroid feedback quantile-based index calculated by FT3; TSHI, TSH index; TT4RI, thyrotropin T4 resistance
index; TT3RI, thyrotropin T3 resistance index; FT3/FT4, FT3 to FT4 ratio.
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Figure | Associations between thyroid hormone sensitivity indices and liver fibrosis scores. Scatter plots show the relationships between various thyroid function
parameters (x-axes: FT3, FT4, TSH, TFQI-FT4, TFQI-FT3, TSHI, TT4RI, TT3RI, and FT3/FT4 ratio) and three liver fibrosis surrogate scores (y-axes: NFS, FIB-4, and APRI).
Each subplot displays individual participant data points (blue dots) with overlaid linear regression lines (red dashed lines) and 95% confidence intervals (red shaded areas).

In the non-diabetic group, Model 1 (adjusted for age, sex, FPG, TC, TG, HDL-C, LDL-C, and UA) showed
a significant positive association between TFQI-FT3 and NAFLD (Q4 vs Q1: OR = 3.138, 95% CI: 1.246-7.900, p =
0.015). However, after further adjustment for BMI in Model 2, this association was attenuated and no longer statistically
significant (Q4 vs Q1: OR = 2.560, 95% CI: 0.799-8.207, p = 0.114).

Table 3 Correlation of Thyroid Hormone Sensitivity Quartiles and NAFLD in

Binary Logistic Regression Analysis in Patients with T2DM

Index Model | Model 2

OR (95% CI) P OR (95% CI) P
TFQI-FT4
Q2 vs QI 2.077 (0.814-5.300) 0.126 1.708 (0.506-5.764) 0.389
Q3 vs QI 1.212 (0.440-3.335) 0.710 1.277 (0.335-4.868) 0.721
Q4 vs QI 5.495 (1.986—15.206) 0.001 3.072 (0.808-11.675) 0.099
TFQI-FT3
Q2 vs QI 1.426 (0.562-3.621) 0.455 0.958 (0.280-3.283) 0.946
Q3 vs QI 1.147 (0.444-2.962) 0.777 0.642 (0.190-2.170) 0.475
Q4 vs QI 4.001 (1.496-10.697) 0.006 1.247 (0.392-4.726) 0.745
TSHI
Q2 vs QI 0.914 (0.365-2.286) 0.847 0.639 (0.185-2.201) 0.477
Q3vs QI 1.081 (0.407-2.873) 0.876 1.047 (0.284-3.856) 0.945
Q4 vs QI 2.623 (1.028-6.697) 0.044 1.353 (0.381-4.806) 0.640
TT4RI
Q2 vs QI 2.092 (0.828-5.288) 0.119 0.717 (0.207-2.481) 0.600
Q3 vs QI 1.294 (0.477-3.505) 0.613 0.680 (0.196-2.360) 0.544
Q4 vs QI 5.466 (1.992-14.999) <0.001 0.712 (0.207-2.448) 0.589
TT3RI
Q2 vs QI 1.483 (0.588-3.741) 0.403 0.464 (0.132-1.627) 0.230
Q3 vs QI 1.174 (0.457-3.017) 0.739 0.374 (0.099-1.410) 0.146
Q4 vs QI 4.088 (1.547-10.802) 0.005 0.294 (0.076-1.140) 0.077

(Continued)
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Table 3 (Continued).

Index Model | Model 2

OR (95% CI) P OR (95% CI) P
FT3/FT4
Q2 vs QI 1.083 (0.423-2.773) 0.868 0.646 (0.185-2.259) 0.494
Q3 vs QI 0.652 (0.257-1.654) 0.368 0.221 (0.053-0.921) 0.038
Q4 vs QI 0.945 (0.364-2.457) 0.908 0.402 (0.100-1.614) 0.199

Notes: Bold values indicate statistically significant associations (p < 0.05). Model | controlled for age, sex,
type 2 diabetes mellitus (T2DM) disease course, fasting plasma glucose (FPG), glycosylated hemoglobin
(HbAIc), homeostatic model assessment for insulin resistance (HOMA-IR), uric acid (UA), and lipids
including total cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), low-
density lipoprotein cholesterol (LDL-C); Model 2 further controlled for body mass index (BMI).
Abbreviations: FT3, free triiodothyronine; FT4, free thyroxine; TSH, thyroid-stimulating hormone; TFQI-
FT4, the thyroid feedback quantile-based index calculated by FT4; TFQI-FT3, the thyroid feedback quantile-
based index calculated by FT3; TSHI, TSH index; TT4RI, thyrotropin T4 resistance index; TT3RI, thyrotropin
T3 resistance index; FT3/FT4, FT3 to FT4 ratio.

Table 4 Correlation of Thyroid Hormone Sensitivity Quartiles with NAFLD in
Binary Logistic Regression Analysis in Non-Diabetics

Index Model | Model 2

OR (95% CI) ) OR (95% CI) P
TFQI-FT3
Q2 vs QI 1.052 (0.439-2.524) | 0.909 0.852 (0.281-2.588) 0.778
Q3 vs QI 1.032 (0.420-2.536) | 0.945 0.544 (0.173-1.711) 0.298
Q4 vs QI | 3.138 (1.246-7.900) | 0.015 2.560 (0.799-8.207) 0.114
FT3/FT4
Q2 vs QI 1.919 (0.805—4.574) | 0.142 1.661 (0.477-5.785) 0.426
Q3 vs QI | 2911 (1.208-7.407) | 0.018 3.854 (1.119-13.277) | 0.033
Q4 vs QI | 2.850 (1.147-7.077) | 0.024 3.390 (1.003-11.463) | 0.049

Notes: Bold values indicate statistically significant associations (p < 0.05). Model | controlled for age,
sex, fasting plasma glucose (FPG), uric acid (UA), and lipids, including total cholesterol (TC),
triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol
(LDL-C); Model 2 was further adjusted for body mass index (BMI). Bold: p<0.05.

In contrast, the FT3/FT4 ratio was significantly and positively associated with NAFLD in Model 1 (Q4 vs Q1l: OR =
2.850, 95% CI: 1.147-7.077, p = 0.024), and this association remained significant after additional adjustment for BMI in
Model 2 (Q4 vs Q1: OR = 3.390, 95% CI: 1.003—11.463, p = 0.049), suggesting that a higher FT3/FT4 ratio may be an
independent risk factor for NAFLD (see Table 4).

Relationship Between Thyroid Hormone Sensitivity Indices and NAFLD Prevalence
The prevalence of NAFLD in the T2DM group increased with higher quartile subgroups of TFQI-FT4, TFQI-FT3, and
TSHI (p < 0.05). In the non-DM group, the prevalence of NAFLD increased with the quartile subgroups of TFQI-FT3
and FT3/FT4 ratio (p < 0.05) (Figure 2).

Prediction of NAFLD Using the Thyroid Hormone Sensitivity Index

As illustrated in Figure 3A, the receiver operating characteristics (ROC) analysis for the T2DM group indicated that
TFQI-FT4, TFQI-FT3, and TSHI values could serve as predictors of NAFLD (all p < 0.001), with areas under the curves
(AUCs) of 0.669, 0.665, and 0.635, respectively. The optimal thresholds for these predictors were 0.069, 0.129, and
3.122, respectively. As shown in Figure 3B, the ROC analysis for the non-DM group indicated that the AUC of FT3/FT4
for predicting NAFLD was 0.663 (p<0.001), with an optimal threshold of 0.318 (Supplementary Table 1).
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Figure 2 (A) the thyroid feedback quantile-based index calculated by free thyroxine (TFQI-FT4), (B) the thyroid feedback quantile-based index calculated by free
triiodothyronine (TFQI-FT3), (C) thyroid-stimulating hormone index (TSHI), (D) thyrotropin T4 resistance index (TT4RI), (E) thyrotropin T3 resistance index (TT3RI), (F)
FT3 to FT4 ratio (FT3/FT4).

Relationship Between Thyroid Parameters and the Risk of Advanced Liver Fibrosis
Patients with NAFLD and T2DM (NFS, 6.8%; FIB-4, 2.3%; and APRI, 3.0%) had significantly higher odds of
developing advanced liver fibrosis than the non-DM patients (0) (Supplementary Figure 1). In the T2DM group, elevated
FT3 levels (r = 0.182, p = 0.006) were positively correlated with increased APRI staging, while elevated FT4 levels (r
=-0.147, p = 0.027) were negatively correlated with increased FIB-4 staging (Supplementary Table 2).

A post hoc power analysis was conducted to evaluate whether the current sample size was sufficient to detect

statistically significant associations observed in the logistic regression models. For instance, in the Q4 vs Q1 comparison,
Model 3 demonstrated a significant positive association between TFQI-FT4 and NAFLD (OR = 3.290, 95% CI.
1.390-7.787, p = 0.007), as well as between TFQI-FT3 and NAFLD (OR = 2.344, 95% CI: 1.010-5.439, p = 0.047),
both with a statistical power of 1.000. Additionally, among individuals with T2DM, a higher FT3/FT4 ratio (Q3 vs Q1)
was significantly associated with a lower risk of NAFLD (Model 2: OR = 0.221, 95% CI: 0.053-0.921, p = 0.038), with
a corresponding power of 0.999. In the non-diabetic population, a higher FT3/FT4 ratio (Q4 vs Q1) was positively
associated with NAFLD (Model 2: OR = 3.390, 95% CI: 1.003-11.463, p = 0.049), with a power of 1.000. Taken
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Figure 3 (A) Receiver operating characteristic curve (ROC) of the thyroid feedback quantile-based index calculated by free thyroxine (TFQI-FT4), the thyroid feedback
quantile-based index calculated by free triiodothyronine (TFQI-FT3), thyroid-stimulating hormone index (TSHI), thyrotropin T4 resistance index (TT4RI), thyrotropin T3
resistance index (TT3RI) and non-alcoholic fatty liver disease (NAFLD) in patients with type 2 diabetes mellitus (T2DM). (B) ROC of TFQI-FT3, FT3/FT4 and NAFLD in
patients without diabetes mellitus.

together, these findings indicate that the study has sufficient statistical power to detect the key associations examined,
supporting the robustness and reliability of the results.

Discussion

Our study demonstrated that reduced central sensitivity to thyroid hormones promotes the development of NAFLD in
adults with normal thyroid function. In contrast, the relationship between peripheral thyroid hormone sensitivity and
NAFLD appears to be influenced by the presence of T2DM. In our logistic regression analysis, the FT3/FT4 ratio was not
associated with NAFLD in Model 1. However, a positive association was observed after adjusting for T2DM as
a confounder in Model 2. After participants were categorized into T2DM and non-DM groups, further analysis indicated
that decreased central thyroid hormone sensitivity is a contributing factor to NAFLD in the T2DM population, while
elevated peripheral thyroid hormone sensitivity serves as a protective factor against NAFLD development. After
correcting for BMI, the correlation between all central thyroid hormone sensitivity indices and NAFLD disappeared.
In contrast, higher peripheral thyroid hormone sensitivity indices (FT3/FT4) were independently associated with
NAFLD. In the non-DM group, the central thyroid hormone sensitivity index related to NAFLD was TFQI-FT3;
however, this relationship was lost after adjusting for BMI. In contrast, higher FT3/FT4 ratio was associated with an
increased risk of developing NAFLD, even after correcting for BMI.

Several studies indicated that fluctuations in thyroid hormone levels within the normal range may be associated with
T2DM, NAFLD, and liver fibrosis.***' The mechanisms underlying the association between thyroid hormones and
NAFLD are likely related to factors such as systemic chronic inflammation, oxidative stress, and insulin resistance
(IR).***? Thyroid hormone levels in the body can induce insulin resistance by regulating the expression of glucose
transporter 2 (GLUT2) and affecting hepatic gluconeogenesis and glycogenolysis.** Regarding chronic inflammation and
oxidative stress, an animal study demonstrated that levels of carbonyls (a marker of protein oxidation) and TBARS
(thiobarbituric acid reactive substances, indicating lipid peroxidation) were significantly elevated in MASLD model
mice, suggesting a pronounced state of oxidative stress. The study further indicated that thyroid hormones, particularly
T3, are closely involved in regulating genes related to mitochondrial function and endoplasmic reticulum (ER) stress.
Dysregulation in this context is not only associated with impaired hepatic mitochondrial function and increased ER
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stress, but may also play a key role in the progression of hepatic fibrosis in MASLD, thereby contributing to the disease’s
onset and development.*’

Notably, in studies on insulin resistance, there is growing evidence of a bidirectional interaction between oxidative
stress and insulin resistance. The accumulation of reactive oxygen species (ROS) can trigger inflammatory responses by
inducing mitochondrial stress, thereby exacerbating insulin resistance®® Conversely, insulin resistance can activate
NADPH oxidase, leading to excessive ROS production and further amplifying oxidative stress.*’*® Furthermore, these
metabolic disruptions may form a vicious cycle through a series of interrelated pathways: insulin resistance promotes
ROS production and ER stress via NADPH oxidase; ROS and ER stress in turn disrupt thyroid hormone receptor
expression and deiodinase activity, resulting in thyroid hormone (TH) resistance; TH resistance then impairs lipid
metabolism, further aggravating insulin resistance. This complex interplay highlights the potential pathophysiological
mechanisms underlying MASLD and provides biological support for the utility of thyroid hormone sensitivity indices
(such as FTQI or the FT3/FT4 ratio) in predicting MASLD risk.

Some other studies revealed that the AMP-activated protein kinase (AMPK) pathway plays a role in IR and thyroid
metabolism, and its activation leads to enhanced insulin sensitivity and a reduction in the expression of genes associated
with steatosis and fibrosis in NAFLD.* Thyroid hormones also accelerate energy metabolism in the liver against
ischemia-reperfusion injury by upregulating AMPK.*® Huang et al suggested that IR and thyroid hormone resistance-
like manifestations in the presence of normal thyroid function may be associated with the pathogenesis of NAFLD in
patients with T2DM.*' Thyroid hormone resistance may lead to an energy imbalance that promotes the development of
both T2DM and NAFLD,'” which may explain why reduced thyroid hormone sensitivity increases the risk of developing
NAFLD.

The FT3/FT4 ratio may serve as an indicator of peripheral deiodinase activity, reflecting the peripheral sensitivity of
thyroid hormones.** Panicker et al suggested that reduced activity of iodothyronine deiodinase type 1 could affect the
conversion of circulating FT4 to FT3, which may contribute to oxidative stress and hepatocyte injury, even in participants
with normal thyroid function.** Thyroid hormones are known to protect against diabetes by increasing energy expen-
diture, glucose metabolism, fatty acid oxidation, and lipolysis.'****> Evidence indicates a negative association between
FT3/FT4 ratio and T2DM in individuals with normal thyroid function, potentially due to deiodinase-mediated regulation
of the basal metabolic rate through thyroid hormone signaling.*® The protective effects of thyroid hormones against
T2DM may further contribute to the negative association between FT3/FT4 and the development of NAFLD in
individuals with T2DM. Zhang et al observed no association between FT3/FT4 ratio and NAFLD in patients with new-
onset T2DM and normal thyroid function,'® which contrasts with our findings. This discrepancy may be attributed to the
differences in the T2DM stages among the study populations, with varying degrees of glycemic abnormalities and
metabolic disorders. The mechanism by which elevated peripheral thyroid hormone sensitivity increases the risk of

developing NAFLD is unclear. However, some study results are consistent with the current study,'****”

possibly because
they did not include or included fewer patients with diabetes, making the results more comparable to the current study
results with non-DM patients. While the current study provides initial findings on the protective effect of a higher FT3/
FT4 ratio against NAFLD in patients with T2DM, further research is required to explore the underlying mechanisms
involved.

Our findings suggest that individuals with T2DM and NAFLD have significantly higher odds of developing advanced
hepatic fibrosis than the non-DM patients. In contrast, NAFLD is mostly asymptomatic, and accurately assessing fibrosis
risk staging is critical for treatment. The NAFLD practice guidelines recommend prioritizing identification of individuals
with advanced fibrosis in the structured pathway for recognizing patients at risk of NAFLD.*® Thyroid hormones might
initiate hepatic stellate cell activation and fibrosis, thereby accelerating the progression of liver fibrosis.*’ The results of
current study indicated a positive correlation between elevated FT3 levels and the risk of advanced liver fibrosis, which is
consistent with the findings of Chen et al’® and contrary to those of Du et al.’' Consistent with the findings of Bano
et al>® and Kim et al,>® our results indicated a positive association between reduced FT4 levels and the risk of advanced
liver fibrosis, and further indicated that higher TSH levels increased the risk of hepatic fibrosis in patients, although we
did not observe this correlation in our study. These discrepancies are likely due to differences in population inclusion,
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study methodologies, or diagnostic criteria. Further prospective study is required to obtain more accurate and compre-
hensive results.

There are some limitations in our study. First, the sonographic diagnosis of hepatic steatosis without liver biopsy
confirmation may pose challenges in differentiating between NASH and fibrosis, although we attempted to control for
known confounders such as the use of metformin. Second, it is well known that microvascular and macrovascular
complications, as well as the use of antidiabetic medications, may influence the prevalence of NAFLD. However, due to
the retrospective design of this study, such data were not collected for further analysis. Third, this study was conducted
among Chinese individuals recruited from a single medical center, which may limit the generalizability of our findings to
other populations. Fourth, although we attempted to adjust for major metabolic confounders, the retrospective nature of
the study and limited data availability prevented us from collecting detailed information on medication use (eg,
hypoglycemic agents, lipid-lowering drugs, thyroid hormone replacement therapy). Therefore, potential residual con-
founding related to medication use cannot be ruled out and may have influenced our results. Fifth, the sample size of this
study was not determined a priori. Although post hoc power analyses confirmed adequate statistical power for key
findings, future multicenter prospective studies involving multi-ethnic populations are needed to further validate and
generalize the association between thyroid hormone sensitivity and NAFLD.

Conclusion

In summary, thyroid hormone sensitivity is associated with NAFLD development in individuals with normal thyroid
function. Associations between peripheral thyroid hormone sensitivity and NAFLD differed between individuals with
T2DM and the non-DM patients, suggesting that the presence of T2DM may impact the relationship between peripheral
thyroid hormone sensitivity and NAFLD.
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