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Abstract

Objective

To investigate the association between thyroid hormone sensitivity indices and metabolic

dysfunction-associated fatty liver disease (MAFLD) in euthyroid Chinese adults.

Methods

This cohort study included 5,356 euthyroid patients. The peripheral and central thyroid

hormone sensitivity indices were calculated. Cox regression models were used to evaluate associations
with MAFLD risk, and restricted cubic splines were used to assess potential nonlinearity. Mediation
analyses based on an accelerated failure-time model were used to examine the role of the triglyceride-
glucose (TyG) index.

Results MAFLD incidence in euthyroid participants was 18.26%. After adjustment, higher free
thyroxine (FT4) levels were inversely associated with MAFLD (HR = 0.973, 95% C/: 0.948 to 0.999, P =
0.043), whereas higher free triiodothyronine (FT3) levels increased MAFLD risk (HR = 1.118, 95% CI:
1.000 to 1.250, P = 0.050). Enhanced thyroid hormone sensitivity, as reflected by elevated FT3/FT4 levels
and lower total thyroxine resistance index (TT4Rl), thyroid stimulating hormone index (TSHI), and
thyroid feedback quantile-based index (TFQly,), was also associated with a higher incidence (all P <
0.05). Mediation analyses indicated that TyG partially mediated the FT3/FT4-MAFLD and TFQlg,-
MAFLD associations, with indirect effects of —96.27 (95% CI: —124.67 to —70.42) and —4.95 (95% CI: —8.29
to —2.10), respectively.

Conclusion Increased FT3/FT4 and decreased TFQlr, levels were significantly associated with a higher
MATFLD risk in euthyroid adults, with TyG acting as a partial mediator.
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INTRODUCTION

etabolic dysfunction-associated fatty

IVI liver disease (MAFLD) is characterized

by excessive fat accumulation in the

liver and is primarily linked to metabolic
dysregulation. It is often associated with obesity,
type 2 diabetes, and dyslipidemia“'z]. MAFLD can
lead to inflammation, fibrosis, and even progression

to cirrhosis or liver cancer if left untreated™. Its
pathogenesis involves a complex interplay of
genetic, environmental, and lifestyle factors. Over
the past 30 years, the prevalence of MAFLD has
increased, making it the most common chronic liver
disease worldwide. According to data from 2024,
approximately 5% of adults globally will be affected
by MAFLD™, and this figure is higher among
overweight and obese populationsls]. Furthermore,
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growing evidence suggests that endocrine
dysregulation, particularly thyroid dysfunction, plays
a significant role in its pathogenesis[sl.

Thyroid hormones are crucial for energy
metabolism, and thyroid dysfunction is closely
associated with various metabolic diseases.
However, the relationship between thyroid
hormones and metabolism is complex, and relying
solely on indicators of thyroid function may be
inadequate. For instance, studies have shown that
even with adequate iodine nutrition, a key element
in thyroid hormone synthesis, thyroid-stimulating
hormone (TSH) levels can vary significantly owing to
factors such as vitamin D status, body mass index
(BMI), and regional differences’”.  Moreover,
environmental exposure to certain trace elements
has been linked to alterations in thyroid hormone
levels and an increased risk of thyroid nodules,
further illustrating the multifactorial nature of
thyroid regulationls’gl. Thyroid hormone sensitivity is
a supplementary indicator of traditional thyroid
function. It mainly includes central thyroid hormone
sensitivity indicators, such as the thyroid-stimulating
hormone index (TSHI) and total thyroxine resistance
index (TT4RI), as well as peripheral sensitivity
indicators, such as FT3/FT4[1°’11]. In 2019, Spanish
researchers led by Laclaustra reported that reduced
thyroid hormone sensitivity might occur in
individuals  with  normal  thyroid function,
characterized by the simultaneous presence of high
FT4 and TSH levels. They proposed two new central
thyroid hormone sensitivity indicators, the thyroid
feedback quantile-based index (TFQI) and parametric
thyroid feedback quantile-based index (PTFQl), to
measure the degree of reduced thyroid hormone
sensitivitym].

This longitudinal cohort study aimed to
systematically examine the relationship between
thyroid hormone sensitivity and MAFLD. We
hypothesized that thyroid hormone sensitivity, as
indicated by specific sensitivity indices, may be an
independent risk factor for MAFLD. The innovative
aspect of this study is its focus on thyroid hormone
sensitivity, an area that has not been well-studied in
MAFLD research. Unlike previous cross-sectional
studies, the present study used a longitudinal cohort
design to explore the relationship between thyroid
hormone sensitivity and MAFLD. This approach could
help discover new biomarkers or pathways and
improve the understanding and treatment of
MAFLD. The triglyceride-glucose (TyG) index, which
is widely used as a surrogate marker for insulin
resistance, has been increasingly associated with the

risk of metabolic disorders, including MAFLD.
However, whether the TyG index serves as a
mediator linking thyroid hormone sensitivity to
MAFLD remains unclear. Elucidating this possible
mediating mechanism could provide important
insights into how insulin resistance, as estimated
using the TyG index, contributes to MAFLD
pathogenesis in individuals with thyroid dysfunction,
thereby highlighting a potential pathway for
intervention.

MATERIALS AND METHODS

Data Sources and Study Population

This study used data from the Beijing Health
Management Cohort, which began in January 2010
and was followed up until December 2022. In total,
10,918 physical examinations performed at baseline
were included. The inclusion criteria were: (1) Age
> 18 years; (2) Participants who weren’t diagnosed
with MAFLD; (3) Thyroid function tests were
conducted at baseline. After excluding 3,685
individuals with thyroid dysfunction and 1,877
individuals with missing data, 5,356 participants
were included (Figure 1).

Measurement and Data Collection

Detailed variables were collected at the time of
enrollment, including sex, age, BMI, and waist
circumference (WC). Standard measurements of
systolic blood pressure (SBP) and diastolic blood
pressure (DBP) were performed. Venous blood was
collected from the participants on an empty stomach
the following morning. Serum biochemicals included

triglycerides (TG), high-density lipoprotein
cholesterol  (HDL-C), low-density lipoprotein
cholesterol  (LDL-C), total cholesterol (TC),

aminotransferase (AST), alanine aminotransferase
(ALT), free triiodothyronine (FT3), free thyroxine
(FT4), TSH, and fasting plasma glucose (FPG). Fatty
liver was diagnosed based on the findings of a liver
ultrasound performed by trained technicians.

Calculations of Sensitivity to Thyroid Hormone
Indices and TyG Index

The TFQI, TSHI, total triiodothyronine resistance
index (TT3RI), and TT4Rl were used to evaluate
participants’ central sensitivity to thyroid hormones.
The FT3/FT4 ratio was used to assess the peripheral
thyroid sensitivity. For the TFQI, TSHI, TT3RI, and
TT4RI, the higher the values, the lower the central
sensitivity to thyroid hormones. Higher FT3/FT4
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values indicated higher peripheral sensitivity to
thyroid hormones. The equations used for the
calculations were as follows:

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

TT3RI = FT3 (pmol/L) x TSH (mIU/L)";

TT4RI = FT4 (pmol/L) x TSH (mIU/L)™;

TSHI = In TSH (mIU/L) + 0.1345 x FT4 (pmol/L)™.

TFQIFT3 = cdf FT3 - (1 - cdf TSH)"?,

TFQIFT4 = cdf FT4 - (1 - cdf TSH); cdf: cumulative

distribution function™?;

TyG index = In [fasting TG (mg/dL) x FPG
(mg/dL)/2]".
Definition of MAFLD

MAFLD was determined based on ultrasound
diagnosed liver steatosis with at least one of the
following 3 conditions, as defined by the 2020
international expert consensus on MAFLD™: (i)
overweight (BMI: 23.0 to 24.9 kg/m®) or obesity (BMI
of 25.0 kg/m” or higher); (ii) type 2 diabetes mellitus
(FPG level > 7.0 mmol/L, PPG > 11.1 mmol/L, HbAlc
> 6.5% and/or having a self-reported diagnosis of
diabetes as the previous study[m); or (iii) lean or
normal weight (BMI < 23 kg/m’) with at least 2
metabolic risk abnormalities: a) waist circumference
> 90 cm in men and 80 cm in women, b) blood
pressure 2 130/85 mmHg or specific drug treatment,
c) TG 2 1.70 mmol/L or specific drug treatment, d)
HDL-C < 1.0 mmol/L for men and < 1.3 mmol/L for
women, e) prediabetes (ie, FPG levels 5.6 to
6.9 mmol/L, or 2-hour PPG levels 7.8 to 11.0 mmol/L
or HbAlc 5.7% to 6.4%), f) a HOMA-IR score > 2.5,
and g) a plasma C-reactive protein level > 2 mg/L.

Statistical Analysis

In this study, randomly distributed missing data

10,918 people who weren’t diagnosed
as MAFLD in health management cohort

were encountered. Given the relatively small
proportion of missing data (less than 5% for all
variables), they were handled by directly removing
the affected cases. The proportion of missing data
for each variable was as follows: height (4.00%);
weight (4.00%); HC (3.98%); WC (3.98%); TG (0.04%);
and FPG (0.03%).

The baseline characteristics of the participants
are summarized as mean * standard deviation or
median (interquartile range) for continuous variables
and frequencies for categorical variables (%)
according to the presence or absence of MAFLD.
Differences between the groups were calculated
using Student’s t-test, Mann-Whitney U test, or chi-
squared test.

A Cox regression model identified the association
between thyroid function, sensitivity to thyroid
hormone indices, and MAFLD. Covariates were
selected based on previous studies, clinical
relevance, and their potential role as confounders of
the relationship between thyroid function and
MAFLD. Covariates were tested for collinearity
according to a variance inflation factor (VIF) < 5. No
collinearity was found among the confounders. The
complete model was adjusted for sex, age, BMI, WC,

SBP, DBP, TG, TC, and low-density lipoprotein
cholesterol levels.
Restricted cubic spline (RCS) analysis was

conducted using a three-knot restricted cubic spline
function to further validate the potential nonlinear
relationship between the sensitivity to thyroid
hormone indices and MAFLD. In the RCS analysis,
models with three, four, and five knots were
compared, and it was found that the three-knot
model consistently had the lowest or comparable
Akaike information criterion values (differences < 2).

h A

h

Excluded 3,685 cases of thyroid dysfunction

7,233 individuals of normal thyroid function

h A

Finially 5,356 study subjects were included

Excluded 289 cases of missing data
Excluded 1,588 cases of lost follow-up

Figure 1. Flowchart of the study participants.
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Thus, three knots were selected to achieve the best
balance between model fit and parsimony. The
model was adjusted for sex, age, BMI, WC, SBP, DBP,
TG, TC, and low-density lipoprotein cholesterol
levels.

Mediation analyses were performed to explore
the mediators in the relationship between thyroid
sensitivity indices and MAFLD.

All statistical analyses were performed using R
software (version 4.4.2). Cox proportional hazard
regression models were fitted using the survival
package. The RCS was implemented using the rms
and ggrcs packages. Mediation analysis was
performed using the mediation package with the
survreg() function, which fits accelerated failure time
(AFT) models. In AFT models, the estimated
coefficient (B) represents the effect on the log of
event time: a positive B indicates a longer time to
event (protective effect), whereas a negative (8
indicates a shorter time to event (higher risk).
Statistical significance was defined as a two-tailed P
value < 0.05.

RESULTS

General Characteristics of the Participants

The characteristics of the study population are
presented in detail in Table 1. In total, 5,356
participants with a median age of 42 years (/QR:
34-51 years) were included in this study. The
cumulative incidence of MAFLD during the follow-up
was 18.26%. Compared with non-MAFLD cases,
MAFLD participants had significantly higher FT3, FT4,
FT3/FT4, TT3RI, TSHI, TFQler3, TFQlery, age, BMI, WC,
SBP, DBP, FPG, TG, TC, LDL-C, ALT, and AST levels (P
< 0.05). The HDL-C levels were lower in the MAFLD
group than in the non-MAFLD group (P < 0.05). No
difference was found in TSH and TT4RI levels
between the two groups (P = 0.644 and P = 0.274,
respectively).

Association between Thyroid Parameters and
Incidence of MAFLD

Cox regression analysis was used to assess the
relationship between the thyroid parameters and
MAFLD (Table 2). In the crude model, TSH, FT3,
FT3/FT4, TTARI, TSHI, TFQlgr; and TFQlgp, levels were
significantly associated with MAFLD risk (all P <
0.05). Specifically, FT3, FT3/FT4, and TFQlg3; were
positively associated with the MAFLD risk (P < 0.05),
whereas TSH, TT4RI, TSHI, and TFQly, were inversely
associated with the MAFLD risk (P < 0.05). In Model 1

(adjusted for BMI, WC, TG, and LDL-C), the positive
association remained significant between FT3,
FT3/FT4, TT4RI, TSHI, TFQlgrg, and MAFLD (all P <
0.05). After further adjustment for sex, age, SBP,
DBP, and TC in Model 2, FT3, FT4, FT3/FT4, TT4RI,
TSHI, and TFQlgp, were significantly associated with
MAFLD risk (P < 0.05).

Nonlinear Relationships of Thyroid Sensitivity
Indices with MAFLD

As shown in Figure 2, restricted cubic splines
were used to flexibly model and visualize the
relationships between FT3/FT4, TT3RI, TT4RI, TSHI,
TFQlgr; and TFQler, with MAFLD. After adjusting for
sex, age, BMI, WC, SBP, DBP, TG, TC, and LDL, the
association between FT3/FT4 levels and MAFLD was
statistically significant (P < 0.05). The restricted cubic
spline model with knots located at 0.257, 0.314, and
0.388 did not suggest a nonlinear relationship (P >
0.05) (Figure 2A). No associations between TT3RI,
TT4RI, TSHI, TFQlgr; and MAFLD were found (P for
overall > 0.05) (Figure 2B, 2C, 2D, and 2E). In
Figure 2F, TFQlgr, also showed a significant overall
association (P for overall < 0.05). The restricted cubic
spline model, with knots located at —-0.570, 0.002,
and 0.574, did not suggest a nonlinear relationship
(P for nonlinear > 0.05).

Mediation Analyses of TyG Index on Associations
Between FT3/FT4, TFQl¢y, and MAFLD

Mediation analyses were conducted based on
the AFT model to determine whether the TyG index
was a mediating factor in the association between
FT3/FT4 and TFQlg, and MAFLD. The direct
association between TyG and MAFLD incidence was
first examined. The result shows that higher TyG was
significantly associated with faster MAFLD onset (8 =
-1.5370, 95% CI: -1.6850 to -1.3890, P < 0.05) in the
AFT model. A negative 8 indicates a shorter time to
event, suggesting that elevated TyG acts as a risk
factor for MAFLD. Subsequently, mediation analyses
were conducted to explore the indirect effects of
thyroid sensitivity indices on MAFLD through TyG. As
the findings report, FT3/FT4 had a significant direct
effect on MAFLD (8 = -186.2057, 95% Cl: -251.0092
to —123.9300), indicating that higher FT3/FT4 levels
were associated with a shorter time to disease onset
and thus acted as a risk factor for MAFLD. In
contrast, TFQlgr, showed a significant positive direct
effect (B8 = 19.3800, 95% ClI: 7.6470 to 32.1100),
suggesting a prolonged time to onset and a
protective role against MAFLD (Figure 3). As
Figure 3A displays, the TyG index (8 = -96.2702, 95%
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Cl: -124.6658 to -70.4200) incompletely mediated
the indirect influence of FT3/FT4 on MAFLD
occurrence. The mediation ratio is 34.09%. TyG index
(B = -4.9490, 95% CI: -8.2910 to -2.1000) also
incompletely mediated the indirect influence of
TFQlgr, on MAFLD. The proportion of mediation was
35.60% (Figure 3B).

Sensitivity Analysis

To assess the robustness of these primary
findings for the definition of the study population, a

sensitivity analysis was conducted by expanding the
cohort. For the sensitivity analysis, an additional
1,949 participants were included with subclinical
thyroid dysfunction (encompassing both subclinical
hypothyroidism and hyperthyroidism), resulting in
an expanded cohort of 7,305 individuals. As shown
in Table 3, the results of the multivariate Cox
proportional hazards models in this expanded cohort
were consistent with those of our primary analysis.
After adjusting for sex, age, BMI, WC, TG, LDL-C, TC,
SBP, and DBP, the association between key thyroid

Table 1. Characteristics of the study participants with and without MAFLD

Characteristics Total MAFLD Non-MAFLD P-value
(N = 5,356) (N =978) (N =4,378)

Men, n% 2,174 (40.59) 584 (59.71) 1,590 (36.32) <0.001
Age, years 42.00 (34.00, 51.00) 45.00 (37.00, 55.00) 41.00 (33.00, 51.00) <0.001
BMI, kg/mz 22.91+2.88 25.14 £ 2.56 2241+2.71 <0.001
WC, cm 77.48 £9.48 84.65 +8.43 75.88 £ 8.95 <0.001
SBP, mmHg 116.00 (107.00, 128.00) 120.00 (110.00, 133.00) 114.00 (106.00, 126.00) <0.001
DBP, mmHg 71.00 (65.00, 80.00) 77.00 (70.00, 83.00) 70.00 (64.00, 80.00) <0.001
FPG, mmol/L 5.04 (4.77, 5.38) 5.23 (4.94, 5.63) 5.00 (4.74, 5.33) <0.001
TG, mmol/L 0.93 (0.68, 1.32) 1.29(0.93,1.72) 0.87 (0.64, 1.21) <0.001
TC, mmol/L 4.75 (4.20, 5.36) 4.83(4.28,5.51) 4.74 (4.19, 5.33) <0.001
HDL-C, mmol/L 1.40(1.19, 1.63) 1.24 (1.08, 1.42) 1.44 (1.23,1.67) <0.001
LDL-C, mmol/L 2.73(2.26, 3.23) 2.90 (2.42, 3.42) 2.69 (2.23, 3.18) <0.001
ALT, U/L 14.70 (11.00, 20.00) 17.00 (13.00, 24.00) 14.00 (10.50, 19.00) <0.001
AST, U/L 17.00 (14.00, 20.00) 17.00 (15.00, 21.00) 16.00 (14.00, 20.00) <0.001
TSH, mIU/L 1.96 (1.43, 2.70) 1.97 (1.43, 2.64) 1.96 (1.43,2.71) 0.644
FT3, pmol/L 4.49 (4.12, 4.89) 4.65 (4.26, 5.04) 4.46 (4.09, 4.85) <0.001
FT4, pmol/L 13.94 (12.30, 16.44) 14.56 (12.48, 16.73) 13.80 (12.26, 16.34) <0.001
FT3/FT4 0.31(0.28, 0.35) 0.32(0.28,0.36) 0.31(0.28,0.35) 0.008
TT3RI 8.78 (6.29, 12.24) 9.21(6.48, 12.37) 8.70(6.24, 12.20) 0.035
TT4RI 27.70 (19.66, 39.91) 28.61 (20.05, 39.44) 27.49 (19.54, 40.00) 0.274
TSHI 2.60 (2.20, 3.04) 2.67 (2.25, 3.04) 2.59 (2.19, 3.04) 0.027
TFQlers 0.01 (-0.29, 0.30) 0.09 (-0.21, 0.37) -0.01(-0.31, 0.28) <0.001
TFQlers 0.00 (-0.31, 0.32) 0.05 (-0.26, 0.34) -0.01 (-0.32, 0.32) 0.008

Note. The continuous variables that obey the normal distribution are displayed as mean + standard
deviation (x £ s), and the t-test was used for comparison between groups. Continuous variables that did not
obey the normal distribution were presented as median and quartile interval forms [M (P,s, P;s)]. MAFLD,
metabolic dysfunction-associated fatty liver disease; 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; ALT,
alanine aminotransferase; AST, aspartate aminotransferase; TSH, thyrotropin (thyroid-stimulating hormone);
FT3, free triiodothyronine; FT4, free thyroxine; TT3RI, total triiodothyronine resistance index; TT4RI, total
thyroxine resistance index; TSHI, thyroid stimulating hormone index; TFQlg;, thyroid feedback quantile-based
index calculated by FT3; TFQlqr4, thyroid feedback quantile-based index calculated by FT4.
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Table 2. Relationship between sensitivity indices to thyroid hormones and MAFLD incidence in different

models

Thyroid Model 1 Model 2 Model 3
parameters HR (95% CI) P-value HR (95% Cl) P-value HR (95% CI) P-value
TSH 0.922 (0.865, 0.984) 0.014 0.943 (0.883, 1.006) 0.077 0.943 (0.883, 1.008) 0.085
FT3 1.455 (1.315, 1.609) <0.001 1.115 (1.008, 1.234) 0.035 1.118 (1.000, 1.250) 0.050
FT4 0.989 (0.965, 1.014) 0.400 0.983 (0.958, 1.008) 0.178 0.973 (0.948, 0.999) 0.043
FT3/FT4 98.530 (30.370, 319.600) <0.001 9.299 (2.715, 31.851) <0.001 14.287 (3.999, 51.042) <0.001
TT3RI 0.997 (0.984, 1.010) 0.645 0.992 (0.979, 1.006) 0.259 0.992 (0.978, 1.006) 0.242
TT4RI 0.995 (0.991, 0.999) 0.016 0.996 (0.992, 1.000) 0.040 0.995 (0.991, 1.000) 0.025
TSHI 0.882 (0.789, 0.986) 0.027 0.891 (0.797, 0.995) 0.041 0.869 (0.776, 0.974) 0.016
TFQlers3 1.296 (1.111, 1.513) <0.001 1.009 (0.864, 1.180) 0.907 0.993 (0.844, 1.168) 0.929
TFQlerg 0.830(0.711, 0.968) 0.018 0.841 (0.721, 0.982) 0.029 0.806 (0.688, 0.945) 0.008

Note. Model 1: none (univariate); Model 2: adjusted for BMI, WC, TG, and LDL-C; Model 3: adjusted for
variables in Model 2 and sex, age, SBP, DBP, and TC. MAFLD, metabolic dysfunction-associated fatty liver
disease; BMI, body mass index; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood
pressure; TG, triglycerides; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; TSH, thyrotropin
(thyroid-stimulating hormone); FT3, free triiodothyronine; FT4, free thyroxine; TT3RI, total triiodothyronine
resistance index; TT4RI, total thyroxine resistance index; TSHI, thyroid-stimulating hormone index; TFQlgr3,
thyroid feedback quantile-based index calculated by FT3; TFQlgr,, thyroid feedback quantile-based index
calculated by FT4.
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Figure 2. Nonlinear relationships of thyroid sensitivity indices with MAFLD. Restricted cubic spline (RCS)
analysis was conducted. (A) FT3/FT4 and MAFLD (B) TT3RI and MAFLD (C) TT4RI and MAFLD (D) TSHI and
MAFLD (E) TFQlgr3 and MAFLD (F) TFQlgr, and MAFLD. The model was adjusted for sex, age, BMI, WC,
SBP, DBP, TG, TC, and LDL-C.
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function parameters and MAFLD risk remained
significant (P < 0.05). Specifically, FT3 (HR = 0.836,
95% CI: 0.758 to 0.921), FT4 (HR = 0.937, 95% CI.
0.915 to 0.959), FT3/FT4 (HR = 6.344, 95% CI: 2.018
to 19.950), TSHI (HR = 0.805, 95% CI: 0.732 to 0.886),
and TFQl (HR = 0.687, 95% CI: 0.598 to 0.791) all
continued to demonstrate significant associations
with incident MAFLD.

DISCUSSION

This prospective cohort study investigated the

Indirect effect: f = -96.2702
(95% CI: -124.6658 to -70.4200)

TyG

Mediating effect = 34.09%
total effect

433
association between indices of central and
peripheral sensitivity to thyroid hormones and

MAFLD incidence. These results revealed that the
incidence was 18.26% in the euthyroid population.
The median follow-up period was 22 months. This
incidence was slightly higher than that reported in
previous reviews and related studies[ls’lgl, which may
be attributable to the older median age of the
population in this study.

The MAFLD group was characterized by higher
FT3, FT4, FT3/FT4, TT3RI, TSHI, TFQlgr; and TFQlgr,
baseline levels compared to the non-MAFLD group.

Indirect effect: f = -4.9490
(95% CI: -8.2910 to -2.1000)

TyG

Mediating effect = 35.60%
total effect

MAFLD

FT3/FT4

MAFLD

TFQler,

Direct effect: f = -186.2057
(95% CI: -251.0092 to -123.9300)

Direct effect: # = 19.3800
(95% CI: 7.6470 to 32.1100)

Figure 3. Mediation effect of TyG index on the associations between FT3/FT4, TFQl¢r, and MAFLD (A)
FT3/FT4; (B) TFQlgry.

Table 3. Sensitivity Analysis of the Relationship between sensitivity indices to thyroid hormones and MAFLD

incidence in different models

Thyroid Model 1 Model 2 Model 3
parameters HR (95% Cl) P-value HR (95% CI) P-value HR (95% Cl) P-value
TSH 1.017 (0.971 to 1.065) 0.478 1.024 (0.977 to 1.073) 0.317 1.020 (0.973 to 1.069) 0.413
FT3 1.112 (1.015 to 1.217) 0.022 0.840 (0.768 to 0.919) <0.001 0.836 (0.758 to 0.921) <0.001
FT4 0.950 (0.929 to 0.971) <0.001 0.939 (0.918 to 0.961) <0.001 0.937 (0.915 to 0.959) <0.001
FT3/FT4 50.220 (16.970 to 148.700) <0.001 4.895 (1.597 to 15.005) 0.005 6.344 (2.018 to 19.950) 0.002
TT3RI 1.005 (0.995 to 1.014) 0.341 0.999 (0.989 to 1.009) 0.847 0.999 (0.989 to 1.009) 0.810
TT4RI 0.999 (0.996 to 1.002) 0.568 0.999 (0.996 to 1.002) 0.517 0.999 (0.996 to 1.002) 0.442
TSHI 0.830 (0.756 to 0.912) <0.001 0.811 (0.737 to 0.891) <0.001 0.805 (0.732 to 0.886) <0.001
TFQlgrs 0.968 (0.844 to 1.109) 0.636 0.739 (0.643 to 0.894) <0.001 0.741 (0.642 to 0.855) <0.001
TFQlgry 0.720 (0.628 to 0.825) <0.001 0.697 (0.608 to 0.799) <0.001 0.687 (0.598 to 0.791) <0.001

Note. Model 1: none (univariate); Model 2: adjusted for BMI, WC, TG, and LDL-C; Model 3: adjusted for
variables in Model 2 and sex, age, SBP, DBP, and TC. MAFLD, metabolic dysfunction-associated fatty liver
disease; BMI, body mass index; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood
pressure; TG, triglycerides; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; TSH, thyrotropin
(thyroid-stimulating hormone); FT3, free triiodothyronine; FT4, free thyroxine; TT3RI, total triiodothyronine
resistance index; TT4RI, total thyroxine resistance index; TSHI, thyroid-stimulating hormone index; TFQIFT3,
thyroid feedback quantile-based index calculated by FT3; TFQIFT4, thyroid feedback quantile-based index
calculated by FT4.
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Higher FT3 levels, lower FT4 levels, and higher
sensitivity to thyroid hormones (increased FT3/FT4
or decreased TT4RI, TSHI, TFQlg,) are associated
with an increased incidence of MAFLD after
adjusting for multiple potential confounders. These
findings differ from those of previous studies and
provide novel insights into the relationship between
thyroid hormone sensitivity and MAFLD. For
instance, a previous study reported that higher FT4
levels were significantly associated with a lower
prevalence of NAFLD in euthyroid older Chinese
individuals, whereas no association was found
between FT3 and TSH levels and NAFLD®”. However,
another study suggested that higher FT3 and lower
TSH levels are independently associated with a
greater NAFLD incidence in middle-aged and older
euthyroid individuals®. This study found that lower
FT4 and higher FT3 levels, but not TSH levels, were
associated with a higher risk of MAFLD. This is
consistent with previous findings[m. The differences
between the current and previous studies may be
attributed to the complex interplay between thyroid
hormone sensitivity indices and metabolic and
environmental factors, which cannot be fully
explained by population characteristics or
confounders alone. Further mechanistic studies are
required to elucidate the underlying pathways and
their interactions.

FT3, FT4, and TSH levels are interrelated and
mutually influence each other. In contrast to single
indices, composite indices provide a more
comprehensive assessment of the regulation of
thyroid hormone homeostasis™™. The FT3/FT4 ratio
is an index reflecting peripheral sensitivity, with
higher values indicating higher peripheral sensitivity
to thyroid hormones™. This study found a positive
association between the FT3/FT4 ratio and MAFLD
incidence, which is consistent with previous cross-
sectional findings[zz'zsl. A previous study enrolling
129 participants with NAFLD suggested that higher
TFQlgr, levels were associated with higher liver
fibrosis prevalence without calculating TFQIm[ZG]
The current study found that TFQlgr, was negatively,
rather than positively, associated with the
prevalence of MAFLD. However, further large-scale
epidemiological studies are required to validate
these findings, as TFQlgz and TFQlgr, have only
recently been introduced and have not yet garnered
significant attention.

The mechanisms underlying the relationship
between thyroid hormone sensitivity indices and
MAFLD are not fully understood but likely involve
multiple interrelated pathways, including chronic

inflammation, mitochondrial dysfunction,
endoplasmic reticulum (ER) stress, insulin resistance,
and dysregulated lipid metabolism”’ =", Chronic
inflammation is a key driver in MAFLD
pathogenesis[zgl, with studies demonstrating that low
FT4 levels are associated with elevated inflammatory
biomarkers, such as tumor necrosis factor-alpha
(TNF-a), interleukin-1 (IL-1), interleukin-6 (IL-6), and
interferon-y, which may exacerbate hepatic lipid
accumulation® 7, Additionally, low-normal FT4
levels may exacerbate liver fat accumulation by
influencing proinflammatory pathwaysm]. Thyroid
hormones also regulate hepatic fatty acid uptake,
lipogenesis, and lipolysis; alterations in thyroid
hormone levels can thus affect both systemic
metabolism and  local liver  function®™".
Furthermore, thyroid hormone dysregulation may
induce ER stress and insulin resistance via
upregulation of ER-associated proteins, further
promoting the progression of MAFLDY"**1,
Collectively, these findings suggest that impaired
thyroid hormone sensitivity contributes to MAFLD
via synergistic metabolic and inflammatory
pathways. Future studies, particularly mechanistic
and longitudinal investigations, are warranted to
clarify causal relationships and explore potential
therapeutic targets in the thyroid-liver axis.

The TyG index, calculated as the product of FPG
and TG, has been developed and validated as a
reliable surrogate marker for IRU>431, Accumulating
evidence suggests that an elevated TyG index is
associated with an increased risk of various
metabolic diseases, including T2DM[44], MAFLD[45‘461,
liver fibrosis[m, and cvD™. Mediation analyses
indicated that the TyG index partially mediated the
association between sensitivity to thyroid
hormones (FT3/FT4 and TFQlgr,) and MAFLD in the
euthyroid population. Notably, a classical
suppressive effect of TFQlg, was observed.
Although TFQlgr, exhibited an overall protective
effect against MAFLD, it simultaneously increased
TyG levels, which in turn increased the risk of
MAFLD. This opposing pathway suppressed the full
protective potential of TFQlg,, revealing its
complex dual role in MAFLD pathogenesis. The
paradoxical finding that both FT3/FT4 and TFQlgy,
increase TyG levels but exert opposite effects on
MAFLD risk can be explained by their distinct
additional mechanisms beyond insulin resistance.
FT3/FT4 may promote MAFLD through direct
lipogenic effects on hepatocytes and alterations in
energy expenditure that favor hepatic fat
accumulation. Conversely, TFQlgr,, @ marker of
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central thyroid resistance, may confer hepatic
protection through mechanisms that enhance
systemic metabolic homeostasis, promote lipid
oxidative capacity, and exert anti-inflammatory
effects, thereby counterbalancing its inherent
potential to exacerbate insulin resistance. These
results imply that insulin resistance, represented by
the TyG index, constitutes an important but
incomplete pathway through which variations in
thyroid hormone sensitivity influence the risk of
MAFLD. These findings highlight the intricate
balance between the thyroid-mediated risk and
protective mechanisms, suggesting that the net
effect on MAFLD depends on the predominant
pathway activated by different thyroid parameters.

The current study has several strengths, such as
the use of the scarcely investigated TFQl and the
recently proposed definition of MAFLD; however,
several limitations remain. First, the evaluation of
hepatic steatosis was based on ultrasonographic
examination, which is not sufficiently sensitive to
detect mild steatosis (< 30%). Second, this was a
single-center study, which may have introduced a
center-specific bias. Further multicenter studies are
required to validate these findings in different
settings. Third, the study population exclusively
consisted of Chinese participants. Differences in
genetic backgrounds, lifestyles, dietary patterns, and
environmental exposure across populations may
have affected the relationship between thyroid
hormone sensitivity and MAFLD, thereby limiting the
generalizability of our results. Multicenter,
multiethnic, and longitudinal studies are essential to
confirm and extend these observations. Additionally,
the mediating role of the TyG index should be
interpreted with caution, as it is a surrogate marker
that may reflect broader metabolic dysfunction
beyond insulin resistance. Finally, nutritional factors
such as iodine intake or trace element levels, which
have been shown to influence thyroid function and
metabolic health, were not assessed” ™. Future
studies should incorporate these measures to better
understand the complex interactions among thyroid
sensitivity, metabolic dysfunction, and
environmental exposure.

In summary, it was demonstrated that FT3/FT4
was positively associated with the incidence of
MAFLD, and TFQlg, was negatively associated with
the incidence of MAFLD in Chinese euthyroid adults.
The possible predictive effect of TFQlgr, on MAFLD
should be considered. However, further large-scale
multicenter prospective cohort studies are needed
to confirm this conclusion.
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