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Background: As a chronic disease, MASLD seriously endangers human health
and has a complex pathogenesis. Thyroid hormones (THs) play significant roles in
this process. We aimed to analyze the correlation between TH sensitivity and the
degrees of fatty infiltration in MASLD.

Methods: We conducted a retrospective study on a sample of 13,144 individuals
who underwent physical examinations. Thyroid function, liver and kidney
function, blood lipids, and glucose were measured using chemiluminescence
methods. TH sensitivity indexes, including free triiodothyronine to free thyroxine
ratio (FT3/FT4), thyroid feedback quantile-based index (TFQI), thyroid-
stimulating hormone index (TSHI), and thyrotropin thyroxine resistance index
(TT4RI), were calculated. The degree of liver fatty infiltration [controlled
attenuation parameter (CAP)] was determined by liver shear wave
quantification ultrasonography. We then conducted statistical analyses of the
above data.

Results: FT3/FT4, TFQI, TSHI, and TT4RI showed significantly increasing trends
with the rise of CAP levels (p < 0.001). In males, high CAP levels of CAP were
negatively correlated with FT3/FT4 (B [95% Cl]: =0.005 [-0.008, -0.002]; p =
0.0004) but positively correlated with TSHI (B [95% Cl]: 0.019 [0.002, 0.036]; p =
0.0248) and TFQI (B [95% CII: 0.015 [0.003, 0.027]; p = 0.01371). In the BMI| <28
kg/m? group, low CAP levels of CAP were positively correlated with FT3/FT4 (3
[95% CI]: 0.002 [0.002, 0.003]; p < 0.00001), while high CAP levels of CAP were
positively correlated with TFQI (B [95% Cl]: 0.016 [0.000, 0.031]; p = 0.04805).
Conclusions: TH sensitivity is significantly impaired in MASLD. This phenomenon
is more pronounced in males and in individuals with BMI <28 kg/m?.

controlled attenuation parameters, liver fatty infiltration, metabolic dysfunction
associated steatotic liver disease, thyroid hormone sensitivity, thyroid feedback
quantile-based index
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1 Introduction

The definition of metabolic dysfunction-associated steatotic
liver disease (MASLD) was proposed in the international joint
guidelines on 24 June 24, 2023 as a reclassified definition (new
nomenclature of nonalcoholic fatty liver disease [NAFLD]).
MASLD refers to the presence of hepatic steatosis [imaging tests
suggesting fatty liver, or liver tissue pathological biopsy (the gold
standard) indicating fatty change in more than 5% of hepatocytes],
accompanied by one or more cardiovascular metabolic risk factors,
while excluding fatty liver disease caused by long-term excessive
consumption of alcohol consumption (1). MASLD is regarded as
the manifestation of metabolic syndrome in the liver, and its
incidence has increased along with the rising prevalence of
obesity and type 2 diabetes (2). MASLD is not only the main
cause of liver cirrhosis, hepatocellular carcinoma, liver
transplantation, and liver-related deaths, but also increases the
mortality of cardiogenic diseases (3), the risk of stroke and
cerebrovascular diseases, and even increased the risk of
developing cancers such as breast cancer and colorectal cancers (4).

Thyroid hormones (THs) regulate the functions of digestive
system function and heat production in the body, and modulate
lipid metabolism in the liver (5). Under physiological conditions,
due to the negative feedback of the hypothalamic-pituitary-thyroid
axis, thyroid-stimulating hormone (TSH) shows a negative
correlation with free thyroxine (FT4) (6). However, we observed
high level of TSH levels may coexist with high level of FT4 levels,
rather than the typical presentation of TH resistance (7). Therefore,
several scholars have proposed the concept of central TH sensitivity,
including the thyroid feedback quantile-based index (TFQI) (7),
thyroid-stimulating hormone index (TSHI) (8), and thyrotropin
thyroxine resistance index (TT4RI) (9), which have been associated
with various metabolic diseases, including hyperuricemia and
hyperhomocysteinemia (10, 11). The ratio of free triiodothyronine
to free thyroxine (FT3/FT4) is used to evaluate the conversion rate
of T4 to T3, reflecting the TH sensitivity of peripheral tissues. This
ratio has been shown to be closely related to high lipid levels of lipid
(12), and to an increased risk of prediabetes (13) and MASLD (14).

Since THs play crucial roles in lipid metabolism in the liver, it is
hypothesized that the lipid deposition in MASLD may lead to
cellular dysfunction of cells, abnormal expression of TH receptors,
and the impaired sensitivity to THs. We therefore conducted a

Abbreviations: MASLD, metabolic dysfunction associated steatotic liver disease;
THs, Thyroid hormones; FT3/FT4, Free triiodothyronine to free thyroxine ratio;
TFQI, Thyroid Feedback Quantile-based Index; TSHI, Thyroid stimulating
hormone Index; TT4RI, Thyrotropin Thyroxine Resistance Index. CAP,
Controlled attenuation parameters; FBG, fasting blood glucose; HbAlc,
Glycated hemoglobin Alc; TG, triglycerides; T-CHO, total cholesterol; LDL-C,
low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol;
ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-
glutamyl transpeptidase; TBIL, total bilirubin; ALB, albumin; SCr, serum
creatinine; SUA, serum uric acid; HMGCR, 3-hydroxy-3-methylglutaryl-CoA
reductase; DIOI, type 1 deiodinase; DIO2, type 2 deiodinase.

Frontiers in Endocrinology

10.3389/fendo.2025.1646790

retrospective analysis of the data from a physical examination
population, selecting individuals with normal thyroid function
who had undergone liver shear wave quantification
ultrasonography. We recorded controlled attenuation parameter
(CAP) values of CAP and performed fatty infiltration grading of
MASLD. Finally, we analyzed the correlation between the degree of
liver fatty infiltration and TH sensitivity indices (FT3/FT4, TT4RI,
TSHI, and TFQI) to infer the impact of liver fatty infiltration on
TH sensitivity.

2 Subjects and methods
2.1 Studied subjects

We selected 15,632 individuals who underwent liver shear wave
quantification ultrasonography (Mindray, Shenzhen, China) at the
Physical Examination Center of the First Affiliated Hospital of the
University of Science and Technology of China from March 2022 to
December 2023. The study population was drawn from the same
city and consisted mainly consisting of individuals engaged in light
physical labor, along with some freelancers. We employed the
complete case analysis method. For individuals with missing data,
the information was excluded. Based on the exclusion and inclusion
and exclusion criteria as the evaluation conditions, 13,144
individuals were finally selected as the study subjects (Figure 1).

2.2 Ethical approval

This study was approved by the Ethics Committee of the First
Affiliated Hospital of the University of Science and Technology of
China in accordance with the Declaration of Helsinki. Because this
was a retrospective study, the Ethics Committee waived the
requirement for written informed consent. Approval number:
2024-RE-202.

2.3 Inclusion criteria and exclusion criteria

Inclusion criteria: Age between 18 to 80 years old (inclusive).
Exclusion criteria: @ History of thyroid disorders, including
hyperthyroidism, hypothyroidism, Hashimoto’s thyroiditis, and
other thyroid diseases; @ Individuals with abnormal thyroid
function, deviating from the normal range of FI3 (2.77 - 6.31
pmol/L), FT4 (10.44 - 24.38 pmol/L), and TSH (0.38 - 4.34 mIU/L).
Because some cases of simple obesity may develop subclinical
hypothyroidism, the screening range for TSH was extended to 8
mIU/L; ® History of excessive alcohol consumption, defined as men
consuming more than 140g per week and women consuming more
than 70g per week; @ History of chronic viral hepatitis, autoimmune
liver disease, liver cirrhosis or other chronic liver diseases; ® Severe
liver or kidney dysfunction; ® Individuals with histories of
malignant tumors, cancer or malignant hematological diseases; @
Pregnant or lactating women.
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Individuals completed Liver Shear Wave
Quantification Ultrasonography
2022/03-2023/12
N=15632

Those with normal thyroid function
N=14188

10.3389/fendo.2025.1646790

Exclusion:

Individuals with histories of thyroid diseases, n=86

Individuals with abnormal thyroid functions, n=1358

Lm

Exclusion criteria:
Men>140g/w , women>70g/w of alcohol
Age <18, >80 years old
story of chronic hepatitis, autoimmune liver disease
Severe liver and kidney dysfunctions
Tumors, cancers, blood diseases

N=426

Individuals meet the requirements

N=13762

Final research subjects

N=13144

FIGURE 1
Clinical screening process for the research subjects.

2.4 Clinical information

We collected basic clinical information, including sex, age, and
history of chronic diseases such as diabetes, hypertension, and
hyperlipidemia. Height, weight, systolic blood pressure, and
diastolic blood pressure were measured in a resting state. Fasting
blood samples were drawn to measure the following indicators:
fasting blood glucose (FBG, 3.9-6.1 mmol/L), glycated hemoglobin
Alc (HbAlc, 4.0%-6.4%), triglycerides (TG, 0-1.7 mmol/L), total
cholesterol (T-CHO, 0-5.18 mmol/L), low-density lipoprotein
cholesterol (LDL-C, 0-3.37 mmol/L), high-density lipoprotein
cholesterol (HDL-C, 1.04-1.55 mmol/L), alanine aminotransferase
(ALT, 9-50 IU/L), aspartate aminotransferase (AST, 15-40 IU/L),
v-glutamyl transpeptidase (GGT, 10-60 IU/L), total bilirubin
(TBIL, 3.4-21.0 umol/L), albumin (ALB, 40-55g/L), serum
creatinine (SCr, 57-111 umol/L), serum uric acid (SUA, 208-428
pumol/L), FT3 (2.77-6.31 pmol/L), FT4 (10.44-24.38 pmol/L), and
TSH (0.38-4.34 mIU/L).
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Excluded:
Those with missing data

N=618

All biochemical indicators were measured using
chemiluminescence methods (automated biochemical analyzer,
Beckman AU5841, USA) with the same batch of reagents.

Operation of Liver Shear Wave Quantification
Ultrasonography: Examinees fasted before the procedure and
were positioned supine or slightly tilted to the left, with the right
arm fully raised and externally rotated to widen the width of the
intercostal space. Measurements were taken between the ribs, with
the probe should be perpendicular to the skin surface (90°) and
applying appropriate pressure. During the measurement,
participants held their breath for 3-5 s in a calm state, avoiding
deep inhalation.

Grading of liver fatty infiltration: mild MASLD: 240db/m <
CAP < 265db/m; moderate MASLD: 265db/m < CAP < 295db/m;
severe MASLD: CAP > 295db/m. Body mass index (BMI) = weight
(kg)/height® (m?); FT3/FT4 = FT3 (pmol/L)/FT4 (pmol/L); TFQI=
(cdf) FT4-(1-(cdf) TSH); TT4RI = FT4 (pmol/L) x TSH (mIU/L);
TSHI=LnTSH (mIU/L) + 0.1345 x FT4 (pmol/L).
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2.5 Definition of metabolic diseases

Hypertension: ® History of hypertension; @ systolic blood
pressure > 140 mmHg; ® diastolic blood pressure > 90 mmHg.
Meeting any of the above conditions was sufficient. Diabetes: @
History of diabetes; @ FBG = 7.0 mmol/l; ® HbAlc = 6.5%. Meeting
any of the above conditions was sufficient. Impaired glucose
tolerance: HbAlc > 6.1 %. Hypertriglyceridemia: ® Diagnosis of
or current lipid-lowering therapy for hypertriglyceridemia; @ TG 2
1.7 mmol/l. Meeting any of the above conditions was sufficient. Low
HDL-C: HDL-C < 1.0 mmol/l.

2.6 Statistical analysis

We used GraphPad Prism 10.0.3, Empower(R) (; X&Y
Solutions, Inc., Boston, MA), R (), and SPSS 27.0 of statistical
software for data analysis. The Shapiro-Wilk test and Q-Q plots
were used to assess data normality of data. Variables with normal
distributions were expressed as mean + standard deviation (Mean +
SD), while variables with skewed distributions were expressed as
median (25th percentile, 75th percentile). One-way ANOVA was
used to compare the differences in TH sensitivity among the
normal, mild, moderate, and severe MASLD groups. The
relationship between CAP and TH sensitivity was analyzed using
smooth functions and threshold saturation analysis. Due to the
large sample size, in the subgroup analyses of the threshold effect
with statistically significant results with statistical significance were
further subjected to trend tests of multiple regression equations to
verify whether the correlation trends had statistical significance. All
tests were conducted in a two-sided, and the statistical significance
level was set at oo = 0.05. Values of p < 0.05 were considered
statistically significant difference.

Sample size calculation was conducted using G*Power (version
3.1.9.7). Post hoc power analysis indicated that, based on the
observed effect size (Cohen’s f = 0.036) and the sample size (N =
13,144) in this study, the statistical power was 98% (0=0.05),
suggesting extremely high statistical power (98%). The
significance level (o) for this study design was set at 0.05, the
expected power (1-f3) was 0.80, and the required sample size was at
least N = 1,082. Allowing for a 15% dropout rate, the planned
minimum recruitment was 1,245 participants. Since this study
utilized existing large-scale data, the final sample size (N =
13,144) greatly exceeded the minimum requirement, ensuring
sufficient test power (15).

3 Results
3.1 General characteristics

A total of 13,144 individuals were included. Among them, 8,197
were male (62.36%) and 4,947 were female (37.64%). Ages ranged

from 18 to 80 years old, with a mean of 43.95 + 12.73 years. BMI
ranged from 18.5 to 46.2 kg/m’, with a mean of 24.94 + 3.33 kg/m>.
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The prevalence of chronic diseases was as follows: hyperlipidemia,
4,618 individuals (35.04%); diabetes, 1,493 individuals (11.33%);
and hypertension, 5,097 individuals (38.68%).

3.2 One-way ANOVA on TH sensitivity
among four groups graded with fatty
infiltration degree in MASLD

Subjects were divided into four groups according to CAP levels:
non-MASLD, CAP <240 dB/m (N = 5,514); mild MASLD, 240 <
CAP <265 dB/m (N = 2,973); moderate MASLD, 265 < CAP <295
dB/m (N = 3,292); and severe MASLD, CAP >295 dB/m (N =
1,365). With increasing severity of MASLD, FT3 and FT4 levels
showed significant upward trends (p < 0.001), while TSH levels did
not differ significantly across groups. In contrast, FT3/FT4, TT4RI,
TSHI, and TFQI all showed significant upward trends with
increasing MASLD severity (p < 0.001) (Table 1, Figure 2).

3.3 Smooth fitting curve and threshold
saturation analysis of the relationship
between CAP and TH sensitivity

After adjusting for sex, age, BMI, hypertension, diabetes,
hyperlipidemia, FBG, HbAlc, TG, T-CHO, LDL-C, HDL-C, ALT,
AST, GGT, TBIL, ALB, SCr, and SUA, CAP was positively
correlated with FT3/FT4 before the inflection point at CAP = 294
dB/m (B = 0.000, p = 0.0029) but was negatively correlated with
FT3/FT4 after the inflection point (B = -0.000, p = 0.0002). No
significant correlations were observed between CAP and TT4RI,
TSHI, or TFQI (p > 0.05) (Table 2, Figure 3).

3.4 The trend tests of multiple regression
equations for the relationship between
CAP and TH sensitivity

The smooth fitting curve and threshold saturation analysis
revealed that CAP was positively correlated with FT3/FT4 before
the inflection point (CAP = 294 dB/m) but negatively correlated
after the inflection point. To verify whether these correlation trends
had statistical significance, trend tests of multiple regression
equations were performed. Trend p values were statistically
analyzed using CAP quartiles as continuous variables. Model I
adjusted for gender, age, and BMI. Model II adjusted for gender,
age, BMI, hypertension, diabetes, hyperlipidemia, FBG, HbAlc, TG,
T-CHO, LDL-C, HDL-C, ALT, AST, GGT, TBIL, ALB, SCr,
and SUA.

The results of the trend test for multiple regression equations
between CAP and FT3/FT4 in individuals with CAP<294db/m (N =
11665) showed that as the CAP quartiles levels increased, the trend
of gradually increasing FT3/FT4 had no statistical significance in
Model I (P = 0.06506). In individuals with CAP <294 dB/m (N =
11,665), as CAP quartile levels increased, the trend of gradually
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TABLE 1 One-way ANOVA of clinical data among four groups graded with fatty infiltration degree.

10.3389/fendo.2025.1646790

non-MASLD LMASLD MMASLD SMASLD P-values
5514 2973 3292 1365

Age (years) 42.561 + 12.958 45502 + 12.736 45.676 + 12.297 42.001 + 11.880 <0.001
BMI(kg/m2) 22.655 + 2.183 24.881 £ 2273 26.704 + 2.194 30.062 + 3.128 <0.001
FBG(mmol/l) 5.170 £ 0.843 5.403 + 1.050 5.636 + 1.283 5971 + 1.737 <0.001
HbAlc (%) 5.612 + 0.603 5.750 + 0.682 5.884 + 0.803 6.036 + 0.919 <0.001
TG(mmol/I) 1.236 + 1.342 1.685 + 1.500 2.140 £ 2.078 2.639 + 2314 <0.001
LDL-C(mmol/l) 3.006 + 0.710 3.174 + 0.751 3.288 £ 0.730 3.308 + 0.700 <0.001
T-CHO(mmol/1) 5.004 + 0.974 5.163 + 1.036 5279 + 1.024 5.306 + 0.999 <0.001
HDL-C(mmol/l) 1.449 £ 0.300 1.340 + 0.282 1.266 + 0.259 1.182 £ 0.225 <0.001
ALT(U/L) 20.120 + 12.858 25.052 + 15.610 33.319 + 21.884 51.850 + 33.148 <0.001
AST(U/L) 22.168 + 7.786 23.822 + 8.500 26.620 + 11.075 33.458 + 16.091 <0.001
GGT(U/L) 24.068 + 24.825 33.486 + 36.245 43.982 + 42.547 59.547 + 50.683 <0.001
TIBL(umol/l) 15.013 + 5.830 15419 + 5.743 15.824 + 6.016 15.929 + 5.878 <0.001
ALB(g/) 45.105 + 2.516 45253 + 2.488 45.550 + 2.473 45.944 + 2470 <0.001
SCr(umol/l) 65.746 + 14.539 70.504 + 15.023 72.698 + 14.772 73.768 + 13.503 <0.001
SUA (umol/l) 324.167 + 81.400 361.208 + 86.289 391.513 + 85.894 430.750 + 92.769 <0.001
FT3(pmol/l) 5.287 £ 0.523 5.428 + 0.502 5.504 + 0.496 5.608 + 0.472 <0.001
FT4(pmol/l) 15.958 + 2.030 16.136 + 2.046 16.191 + 2.078 16.392 + 2.049 <0.001
TSH(mIU/L) 2.277 £ 1.092 2.277 £ 1.107 2.288 £ 1.079 2.340 £ 1.062 0.277
FT3/FT4 0.335 £ 0.041 0.340 + 0.041 0.344 + 0.042 0.346 + 0.042 <0.001
TT4RI 35980 + 17.169 36.374 £ 17.472 36.744 + 17.441 38.101 + 17.472 <0.001
TSHI 2.855 + 0.522 2.877 £ 0.522 2.895 + 0.522 2.951 £ 0.512 <0.001
TFQI -0.024 + 0.377 0.001 + 0.378 0.015 + 0.381 0.062 + 0.376 <0.001
Gender <0.001

Female 2990 (54.226%) 984 (33.098%) 767 (23.299%) 206 (15.092%)

Male 2524 (45.774%) 1989 (66.902%) 2525 (76.701%) 1159 (84.908%)
Hypertension <0.001

No 3972 (72.035%) 1774 (59.670%) 1744 (52.977%) 582 (42.637%)

Yes 1542 (27.965%) 1199 (40.330%) 1548 (47.023%) 783 (57.363%)
Diabetes <0.001

No 5095 (92.401%) 2669 (89.775%) 2815 (85.510%) 1084 (79.414%)

Yes 419 (7.599%) 304 (10.225%) 477 (14.490%) 281 (20.586%)
Hyperlipidemia <0.001

No 4377 (79.380%) 1952 (65.658%) 1680 (51.033%) 527 (38.608%)

Yes 1137 (20.620%) 1021 (34.342%) 1612 (48.967%) 838 (61.392%)

Result: Mean * Standard Deviation/N (%); P-value: Kruskal Wallis rank sum test is used to obtain the result for continuous variables.

increasing FT3/FT4 did not reach statistical significance in Model I =~ CAP quartile levels (p = 0.21435) (Table 3, Figure 4). Considering
(p = 0.06506). In individuals with CAP 2294 dB/m (N = 1,479), that CAP and THs are significantly influenced by sex, age, and
before adjusting for confounding factors, there was no statistically =~ BMI, subgroup analyses were further conducted based on
significant trend of gradually decreasing FT3/FT4 with increasing  these variables.
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FIGURE 2

One-way ANOVA of the comparison of TH sensitivity among groups graded with fatty infiltration degree in MASLD. *P<0.05, **P<0.01, ***P<0.001,

****P<(0.0001.

3.5 Smooth fitting curve and threshold
saturation analysis of the relationship
between CAP and TH sensitivity in gender
subgroups

In females, after adjusting for age, BMI, hypertension, diabetes,
hyperlipidemia, FBG, HbAlc, TG, T-CHO, LDL-C, HDL-C, ALT,
AST, GGT, TBIL, ALB, SCr, and SUA, CAP showed no correlation
with FT3/FT4, TSHI, TEQL or TT4RI (p > 0.05).

In males, CAP was not correlated with FT3/FT4 before the
inflection point at CAP = 305 dB/m but was negatively correlated
with FT3/FT4 after the inflection point ( = —0.000, p < 0.0001). CAP
was not correlated with TSHI before the inflection point at CAP = 252
dB/m but was positively correlated with TSHI after the inflection point:
for each unit increase in CAP, TSHI increased by 0.001 (8 = 0.001, p =
0.0067). Similarly, CAP was not correlated with TFQI before the
inflection point at CAP = 252 dB/m but was positively correlated
with TFQI after the inflection point: for each unit increase in CAP,
TFQI increased by 0.001 (B = 0.001, p = 0.0022). No correlation was
observed between CAP and TT4RI (p > 0.05) (Table 4, Figure 5).
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3.6 Trend tests of multiple regression
equations for the relationship between
CAP and thyroid hormone sensitivity in
gender subgroups

The results for the male group with CAP 2305 dB/m (N = 687)
of trend tests of multiple regression equations between CAP and
FT3/FT4 showed that as the CAP quartiles increased, FT3/FT4
decreased significantly; for each increased quartile in CAP, FT3/FT4
decreased by 0.005 (B = —0.005, p = 0.0004).

The results for the male group with CAP >252 dB/m (N =
4,823) showed that as the CAP quartiles increased, TSHI showed
that as the CAP quartiles increased, the trend of gradually increased
significantly; for each increased quartile in CAP, TSHI increased by
0.019 (B = 0.019, p = 0.0248).

The results for the male group with CAP 2252 dB/m (N =
4,823) also showed that as the CAP quartiles increased, TFQI
increased significantly; for each increased quartile in CAP,
TFQI increased by 0.015 (B = 0.015, p 0.01371)
(Table 5, Figure 6).
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TABLE 2 Threshold effect analysis of the relationship between CAP and TH sensitivity.

For exposure: CAP

Outcome:

FT3/FT4

10.3389/fendo.2025.1646790

Model |

One linear effect

0.000 (-0.000, 0.000) 0.0761

0.005 (-0.008, 0.018) 0.4594

0.000 (-0.000, 0.001) 0.3357

0.000 (-0.000, 0.000) 0.2672

Model Il

inflection point(K)
< K Segment Effect 1
> K Segment Effect 2

Effect difference

294

0.000 (0.000, 0.000) 0.0029

-0.000 (-0.000, -0.000) 0.0002

-0.000 (-0.000, -0.000) <0.0001

272
0.001 (-0.014, 0.015) 0.9441
0.021 (-0.009, 0.051) 0.1733

0.020 (-0.014, 0.054) 0.2475

The predicted value of the equation

0.346 (0.345, 0.347
at the inflection point ( )

36.505 (35.974, 37.037)

<0.001 0.247

272
0.000 (-0.000, 0.000) 0.8422
0.001 (-0.000, 0.002) 0.1153

0.001 (-0.000, 0.002) 0.1981

2.886 (2.870, 2.902)

0.198

272
0.000 (-0.000, 0.000) 0.7556
0.001 (-0.000, 0.001) 0.0958

0.000 (-0.000, 0.001) 0.1874

0.009 (-0.002, 0.021)

0.187

Log-likelihood ratio test

Outcome: B (95%CI) P-value; B: regression coefficient, CI confidence interval; result variable: FT3/FT4, TT4RI, TSHI, TFQI; exposed variable: CAP; adjusted for gender, age, BMI, hypertension,
diabetes, hyperlipidemia, FBG, HbAlc, TG, T-CHO, LDL-C, HDL-C, ALT, AST, GGT, TBIL, ALB, SCr, SUA.

3.7 Smooth fitting curve and threshold
saturation analysis of the relationship
between CAP and TH sensitivity in age
subgroup

In the age <65 years group, after adjusting for gender, BMI,
hypertension, diabetes, hyperlipidemia, FBG, HbAlc, TG, T-CHO,
LDL-C, HDL-C, ALT, AST, GGT, TBIL, ALB, SCr, and SUA, CAP
was positively correlated with FT3/FT4 before the inflection point at
CAP = 277 dB/m (B = 0.000, p = 0.0011) but was negatively
correlated with FT3/FT4 after the inflection point ( = —0.000, p =
0.0003). CAP was not correlated with TSHI before the inflection
point at CAP = 272 dB/m, but was positively correlated with TSHI
after the inflection point: for each unit increase in CAP, TSHI

increased by 0.001 (B = 0.001, p = 0.0287). CAP was not correlated
with TFQI before the inflection point at CAP = 270 dB/m, but was
positively correlated with TFQI after the inflection point: for each
unit increase in CAP, TFQI increased by 0.001 ( = 0.001, p =
0.0035). There was no correlation between CAP and TT4RI.

In the age 265 years group, CAP was not correlated with FT3/
FT4 before the inflection point at CAP = 295 dB/m, but was
negatively correlated with FT3/FT4 after the inflection point: for
each unit increase in CAP, FT3/FT4 decreased by 0.001 (8 = -0.001,
p = 0.0024). CAP was not correlated with TFQI before the inflection
point at CAP = 294 dB/m, but was positively correlated with TFQI
after the inflection point: for each unit increase in CAP, TFQI
increased by 0.004 (B = 0.004, p = 0.047). There were no
correlations between CAP and TSHI or TT4RI (Table 6, Figure 7).

FIGURE 3
Smooth fitting curve of the relationship between CAP and TH sensitivity.
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TABLE 3 Trend analysis of multiple regression equations of CAP and FT3/FT4.

10.3389/fendo.2025.1646790

Non-adjusted Model | Model Il
Exposure P-value
B (95%Cl) B (95%Cl) B (95%Cl)

FT3/FT4(CAP<294db/m)

CAP 0.000 (0.000, 0.000) <0.0001 0.000 (0.000, 0.000) 0.0406 0.000 (0.000, 0.000) 0.0065
CAP quartile

Q1 0 0 0

Q2 0.005 (0.003, 0.007) 0.00001 0.002 (-0.000, 0.004) 0.08052 0.002 (0.000, 0.004) 0.04966

Q3 0.008 (0.005, 0.010) <0.00001 0.002 (-0.000, 0.005) 0.06333 0.003 (0.001, 0.005) 0.01381

Q4 0.011 (0.009, 0.013) <0.00001 0.003 (-0.000, 0.005) 0.05625 0.004 (0.001, 0.006) 0.01091
CAP quartile continuous | 0.004 (0.003, 0.004) 0.001 (-0.000, 0.002) 0.001 (0.000, 0.002)

P for trend <0.00001 0.06506 0.01028

FT3/FT4(CAP>294db/m)

CAP -0.000 (-0.000, 0.000) 0.14079 -0.000 (-0.000, -0.000) 0.00089 -0.000 (-0.000, -0.000) 0.00197
CAP quartile

Ql 0 0 0

Q2 0.001 (-0.005, 0.007) 0.78534 0.000 (-0.006, 0.006) 0.99527 0.000 (-0.006, 0.006) 0.94121

Q3 0.001 (-0.005, 0.007) 0.66009 -0.001 (-0.007, 0.005) 0.75078 0.000 (-0.006, 0.006) 0.92552

Q4 -0.004 (-0.010, 0.002) 0.18003 -0.011 (-0.017, -0.004) 0.00134 -0.009 (-0.015, -0.003) 0.00485
CAP quartile continuous  -0.001 (-0.003, 0.001) -0.003 (-0.005, -0.001) -0.003 (-0.005, -0.001)

P for trend 0.21435 0.00253 0.01095

Outcome: B (95%CI) P-value, B: regression coefficient, CI Confidence interval; Result variable: FT3/FT4, Exposed variable: CAP; Model I: Adjusted for gender, age, BMIModel II: Adjusted for
gender, age, BMI, hypertension, diabetes, hyperlipidemia, FBG, HbAlc, TG, T-CHO, LDL-C, HDL-C, ALT, AST, GGT, TBIL, ALB, SCr, SUA.

1] 95%LCI 95%UCI  P-value
FT3/FT4 (CAP<294db/m)
Non-adjusted 0.004 0.003  0.004  <0.00001 [
Model 1 0.001 -0.000 0.002  0.06506 B
Model 11 0.001 -0.000 0.002  0.01028 o
FT3/FT4 (CAP>294db/m)
Non-adjusted -0.001 -0.003 0.001  0.21435 ——
Model | -0.003 -0.005 -0.001  0.00253 +——=—H
Model 11 -0.003 -0.005  -0.001 0.01095 +H—=—H
T T T T T !
-0.006-0.004-0.002 0.000 0.002 0.004 0.006
p
FIGURE 4
Forest map for the trend test results of CAP and TH sensitivity.
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TABLE 4 Threshold effect analysis of the relationship between CAP and TH sensitivity in gender subgroup.

For exposure: CAP

FT3/FT4

10.3389/fendo.2025.1646790

Outcome:
Model |

One linear effect

Female

0.000 (0.000, 0.000) 0.0426

0.000 (-0.000, 0.000) 0.8179

Female

-0.004 (-0.024, 0.017) 0.7096

0.010 (-0.006, 0.026) 0.2186

Model Il

inflection point(K)
< K Segment Effect 1
> K Segment Effect 2

Effect difference

The predicted value of the equation

at the inflection point

Log-likelihood ratio test

For exposure: CAP

Outcome:

276

0.000 (0.000, 0.000) 0.0143

-0.000 (-0.000, 0.000) 0.3658

-0.000 (-0.000, 0.000) 0.1177

0.343 (0.340, 0.345)

0.117

Female

305

0.000 (-0.000, 0.000) 0.1810

-0.000 (-0.001, -0.000) <0.0001

-0.000 (-0.001, -0.000) <0.0001

0.347 (0.346, 0.349)

<0.001

226

0.019 (-0.018, 0.057) 0.3124

-0.019 (-0.049, 0.010) 0.1946

-0.039 (-0.092, 0.014) 0.1482

36.547 (35.762, 37.333)

0.148

Female

268
0.001 (-0.020, 0.021) 0.9313
0.031 (-0.001, 0.064) 0.0613

0.030 (-0.011, 0.071) 0.1465

36.181 (35.528, 36.834)

0.146

Model |

One linear effect
Model II
inflection point(K)

< K Segment Effect 1

-0.000 (-0.001, 0.000) 0.6976

228

0.001 (-0.000, 0.002) 0.2883

0.000 (-0.000, 0.001) 0.1192

252

-0.000 (-0.001, 0.000) 0.4392

-0.000 (-0.001, 0.000) 0.5580

183

-0.004 (-0.008, 0.001) 0.1281

0.000 (-0.000, 0.001) 0.0662

252

-0.000 (-0.001, 0.000) 0.4367

> K Segment Effect 2

-0.001 (-0.002, 0.000) 0.1606

0.001 (0.000, 0.002) 0.0067

-0.000 (-0.000, 0.000) 0.9805

0.001 (0.000, 0.001) 0.0022

Effect difference

-0.001 (-0.003, 0.000) 0.1203

0.001 (0.000, 0.003) 0.0259

0.004 (-0.001, 0.008) 0.1408

0.001 (0.000, 0.002) 0.0141

The predicted value of the equation

2.825 (2.802, 2.849
at the inflection point ( )

2.888 (2.868, 2.908)

-0.093 (-0.113, -0.073) 0.031 (0.017, 0.046)

Log-likelihood ratio test 0.12

0.026 0.14 0.014

Outcome: B (95%CI) P-value; P: regression coefficient, CI Confidence interval; Result variable: FT3/FT4, TT4RI, TSHI, TFQI; Exposed variable: CAP; Adjusted for age, BMI, hypertension,
diabetes, hyperlipidemia, FBG, HbAlc, TG, T-CHO, LDL-C, HDL-C, ALT, AST, GGT, TBIL, ALB, SCr, SUA.

3.8 The trend tests of multiple regression
equations for the relationship between
CAP and TH sensitivity in age subgroup

For the age <65 years group with CAP <277 dB/m (N = 9,193),
trend analysis of multiple regression equations between CAP and
FT3/FT4 showed that as the CAP quartiles increased, the trend of
gradually increasing FT3/FT4 was not statistically significant. For
the age <65 years group with CAP >277 dB/m (N = 3,121), trend
analysis of multiple regression equations between CAP and FT3/
FT4 showed that as the CAP quartiles increased, the trend of
gradually decreasing FT3/FT4 was not statistically significant.

For the age >65 years group with CAP >295 dB/m (N = 49) and
the age 265 years group with CAP 2294 dB/m (N = 52), the small
sample size led to statistical bias; therefore, no analysis was
conducted for these groups.

For the age <65 years group with CAP 2272 dB/m (N = 3,569),
trend analysis of multiple regression equations between CAP and
TSHI showed that as the CAP quartiles increased, the trend of
gradually increasing TSHI was not statistically significant.

Frontiers in Endocrinology

For the age <65 years group with CAP >270 dB/m (N = 3,871),
trend analysis of multiple regression equations between CAP and TFQI
showed that as the CAP quartiles increased, the trend of gradually
increasing TFQI was not statistically significant (Table 7, Figure 8).

3.9 Smooth fitting curve and threshold
saturation analysis of the relationship
between CAP and TH sensitivity in BMI
subgroups

In the BMI <28 kg/m* group, after adjusting for gender, age,
hypertension, diabetes, hyperlipidemia, FBG, HbAlc, TG, T-CHO,
LDL-C, HDL-C, ALT, AST, GGT, TBIL, ALB, SCr, and SUA, CAP
was positively correlated with FT3/FT4 before the inflection point at
CAP =277 dB/m (B = 0.000, p < 0.0001) but was not correlated with
FT3/FT4 after the inflection point. CAP was not correlated with
TFQI before the inflection point at CAP = 275 dB/m, but was
positively correlated with TFQI after the inflection point: for each
unit increase in CAP, TFQI increased by 0.001 (B = 0.001, p =
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FIGURE 5

Smooth-fitting curves of the relationship between CAP and TH sensitivity in gender subgroup (0 for females, 1 for males).

0.0136). There was no correlation between CAP and TSHI or TT4RI
(Table 8, Figure 9).

3.10 The trend tests of multiple regression
equations for the relationship between
CAP and TH sensitivity in BMI subgroups

The results for BMI <28 kg/m* with CAP <277 dB/m (N =
9,312) of trend analysis of multiple regression equations between
CAP and FT3/FT4 showed that as the CAP quartiles increased, the
trend of gradually increased FT3/FT4 reached statistical
significance; for each increased quartile in CAP, FT3/FT4
increased by 0.002 (B = 0.002, p < 0.00001).

The results for BMI <28 kg/m? group with CAP >275 dB/m (N
= 1,823) of trend analysis of multiple regression equations between
CAP and TFQI showed that as the CAP quartiles increased, the
trend of gradually increased TFQI reached statistical significance;
for each increased quartile in CAP, TFQI increased by 0.016 (B =
0.016, p = 0.04805) (Table 9, Figure 10).

4 Discussion

Under physiological conditions, THs regulate the metabolism of
triglycerides and cholesterol, increasing the activity of hepatic lipase
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and enhancing the mobilization of lipids within lipid droplets. The
effects of THs on liver lipid homeostasis are mostly achieved
through the transcriptional regulation of target genes involved in
these homeostasis pathways (16). THs stimulate the breakdown of
fat in white adipose tissue, generating circulating free fatty acids
(FFAs), which are the main source of lipids for the liver (17). FFAs
enter liver cells through fatty acid transport proteins, liver fatty
acid-binding proteins, and fatty acid translocase (18). However, the
specific mechanism by which THs regulate the hepatic uptake of
FFAs remains unclear. As the core site for TH metabolism and
transport, the liver produces the main TH transporters and
regulates circulating THs. In turn, THs regulate the metabolism
of liver cells and the production of bilirubin by regulating lipid
metabolism (19). Therefore, THs and liver metabolism interact with
and synergistically promote each other.

Much evidence indicates that the TH/THR axis is involved in
the occurrence of MASLD. Abnormalities in the synthesis and
secretion of THs are closely related to MASLD. Studies have shown
that the incidence of MASLD in patients with hyperthyroidism was
11.97%, and the level of FT3 was negatively correlated with liver fat
content in this population (20). For individuals with normal thyroid
function, TSH was considered a risk factor for MASLD, and was
associated with obesity, atherosclerotic dyslipidemia, metabolic
syndrome (MetS), elevated transaminase levels, and changes in
cholesterol and triglyceride levels (21). Moreover, some studies have
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TABLE 5 Trend analysis of multiple regression equations for gender subgroups of CAP and thyroid hormone sensitivity.

Exposure

Non-adjusted

B (95%CI)

Model |
B (95%Cl)

Model I
B (95%Cl)

FT3/FT4 (Males, CAP>305db/m)

CAP -0.000 (-0.000, 0.000) 0.05554 -0.000 (-0.001, -0.000) 0.0012 -0.000 (-0.001, -0.000) 0.00046
CAP quartile
Ql 0 0 0
Q2 -0.001 (-0.010, 0.008) 0.82935 -0.002 (-0.011, 0.007) 0.68894 -0.002 (-0.011, 0.007) 0.69127
Q3 -0.004 (-0.013, 0.006) 0.41951 -0.008 (-0.017, 0.002) 0.10755 -0.007 (-0.017, 0.002) 0.11572
Q4 -0.009 (-0.018, 0.000) 0.06359 -0.016 (-0.025, -0.006) 0.00117 -0.015 (-0.025, -0.006) 0.00123
CAP quartile continuous -0.003 (-0.006, -0.000) -0.005 (-0.009, -0.002) -0.005 (-0.008, -0.002)
P for trend 0.04148 0.00037 0.0004
TSHI (Males, CAP>252db/m)
CAP 0.001 (0.001, 0.002) 0.00004 0.002 (0.001, 0.002) 0.00087 0.001 (0.000, 0.002) 0.03328
CAP quartile
Ql 0 0 0
Q2 -0.002 (-0.045, 0.040) 0.92458 0.001 (-0.041, 0.044) 0.94972 -0.007 (-0.049, 0.036) 0.75506
Q3 0.051 (0.009, 0.093) 0.01684 0.059 (0.015, 0.103) 0.00919 0.042 (-0.002, 0.086) 0.06242
Q4 0.075 (0.033, 0.117) 0.00052 0.076 (0.025, 0.128) 0.00386 0.048 (-0.005, 0.101) 0.07693
CAP quartile continuous 0.028 (0.015, 0.041) 0.029 (0.012, 0.045) 0.019 (0.002, 0.036)
P for trend 0.00004 0.00065 0.0248
TFQI (Males, CAP>252db/m)
CAP 0.001 (0.000, 0.001) 0.00019 0.001 (0.001, 0.002) 0.00037 0.001 (0.000, 0.002) 0.00742
CAP quartile
Qi1 0 0 0
Q2 -0.005 (-0.036, 0.026) 0.75877 0.000 (-0.030, 0.031) 0.99039 -0.004 (-0.035, 0.026) 0.77919
Q3 0.032 (0.001, 0.062) 0.04195 0.043 (0.011, 0.075) 0.00817 0.034 (0.002, 0.066) 0.03615
Q4 0.045 (0.015, 0.076) 0.00364 0.052 (0.015, 0.090) 0.00575 0.038 (-0.000, 0.076) 0.05283
CAP quartile continuous 0.017 (0.008, 0.027) 0.020 (0.008, 0.032) 0.015 (0.003, 0.027)
P for trend 0.0004 0.00088 0.01371

Outcome: B (95%CI) P-value, f: regression coefficient, CI Confidence interval; Result variable: FT3/FT4, TSHI, TFQI, Exposed variable: CAP; Model I: Adjusted for age, BMI; Model II: Adjusted
for age, BMI, hypertension, diabetes, hyperlipidemia, FBG, HbAlc, TG, T-CHO, LDL-C, HDL-C, ALT, AST, GGT, TBIL, ALB, SCr, SUA.

reported that the levels of FT3 and FT4 were not significantly
correlated with MASLD (22). However, other studies have shown
that in the elderly population, high levels of FT3 within the normal
range and low levels of TSH within the normal range could
independently predict the incidence of MASLD (23). Thus, there
are significant differences in many conclusions regarding the
correlation between THs and MASLD.

In the early stage of hypothyroidism, the increase in liver
steatosis was considered to be caused by decreased THs. Later, it
was found that in addition to the harmful effect of decreased THs on
the lipid homeostasis in the liver, an increase in TSH itself might
promote the development of MASLD by stimulating hepatic
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fatogenesis. TSH binds to the TSH receptor in hepatocytes,
promoting the expression of the rate-limiting enzyme 3-hydroxy-
3-methylglutaryl-CoA reductase (HMGCR), which is involved in
cholesterol synthesis. Exogenous TSH increased the expression of
HMGCR in the liver and promoted cholesterol synthesis in
hypothyroid rats with hypothyroidism (24). In rodents, TSHR
was expressed in hepatocytes and was stimulated by TSH, which
induced hepatic steatosis through SREBP1C (25). TSH inhibited the
synthesis of bile acids in the liver through the SREBP2-HNF4o0.-
CYP7AL1 signaling pathway (26). It could also inhibit cholesterol
synthesis by increasing AMPK-mediated phosphorylation of
HMGCR and thereby inhibiting HMGCR activity (27). Overall,
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FIGURE 6

Forest map for the trend test results of CAP and TH sensitivity in gender subgroup.

these findings support the view that TSH itself can regulate lipid and
cholesterol homeostasis in the liver. However, the in vivo studies
have shown that the direct effect of TSH, independent of thyroid
hormones, is extremely difficult to explain, because when TSH
levels increase, serum thyroid hormone levels usually
decrease accordingly.

Our research showed that as the degree of MASLD fatty
infiltration increased, the levels of FTI3, FT4, and FI3/FT4 rose,
while the level of TSH did not decrease accordingly. In the population
with BMI <28 kg/m?, low CAP levels were positively correlated with
FT3/FT4, while high CAP levels were positively correlated with TFQI.

In males, high CAP levels were negatively correlated with FT3/FT4
and positively correlated with TSHI and TFQI. Possible mechanisms
include: 1. High levels of THs stimulate increased activity of type 1
deiodinase (DIO1) in the liver, leading to increased FT3/FT4 levels.
This manifestation is especially prominent in the early stage of liver
fatty infiltration and may represent a compensatory response
exhibited by the body to promote hepatic fat metabolism in liver.
2. Moderate-to-severe fatty infiltration leads to reduced expression of
TH receptors in hepatocytes and decreased peripheral TH sensitivity.
3. The expression of type 2 deiodinase (DIO2) in adipose tissue of
overweight individuals is lower than that of normal-weight

TABLE 6 Threshold effect analysis of the relationship between CAP and TH sensitivity in age subgroup.

FT3/FT4

For exposure: CAP

Outcome:

Model |

One linear effect
Model Il

inflection point(K)

0.000 (-0.000, 0.000) 0.1575

277

0.000 (-0.000, 0.000) 0.4538

295

0.006 (-0.007, 0.019) 0.3967

272

-0.001 (-0.051, 0.050) 0.9824

196

< K Segment Effect 1

0.000 (0.000, 0.000) 0.0011

0.000 (-0.000, 0.000) 0.0752

0.002 (-0.013, 0.017) 0.8346

0.394 (-0.001, 0.788) 0.0508

> K Segment Effect 2

-0.000 (-0.000, -0.000) 0.0003

-0.001 (-0.001, -0.000) 0.0024

0.021 (-0.010, 0.051) 0.1822

-0.023 (-0.078, 0.033) 0.4241

Effect difference

The predicted value of the equation

at the inflection point

-0.000 (-0.000, -0.000) <0.0001

0.344 (0.342, 0.345)

-0.001 (-0.002, -0.000) 0.0010

0.349 (0.343, 0.355)

0.019 (-0.016, 0.054) 0.2831

36.402 (35.853, 36.950)

-0.416 (-0.829, -0.003) 0.0486

38.167 (35.484, 40.850)

Log-likelihood ratio test

<0.001

<0.001

0.283

0.047
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TABLE 6 Continued

For exposure: CAP

Outcome:

10.3389/fendo.2025.1646790

Model |

One linear effect

0.000 (-0.000, 0.001) 0.3743

0.000 (-0.001, 0.002) 0.8174

0.000 (-0.000, 0.000) 0.3364

-0.000 (-0.001, 0.001) 0.9893

Model Il

inflection point(K)

272

196

270

294

< K Segment Effect 1

-0.000 (-0.001, 0.000) 0.8319

0.010 (-0.001, 0.021) 0.0867

-0.000 (-0.000, 0.000) 0.5426

-0.000 (-0.001, 0.001) 0.4979

> K Segment Effect 2

0.001 (0.000, 0.002) 0.0287

-0.000 (-0.002, 0.001) 0.6470

0.001 (0.000, 0.002) 0.0035

0.004 (0.000, 0.009) 0.0470

Effect difference

The predicted value of the equation
at the inflection point

0.001 (0.000, 0.002) 0.0454

2.891 (2.874, 2.907)

-0.010 (-0.022, 0.002) 0.0897

2.841 (2.763, 2.918)

0.001 (0.000, 0.002) 0.0054

0.015 (0.003, 0.027)

0.005 (0.000, 0.009) 0.0408

-0.086 (-0.134, -0.038)

Log-likelihood ratio test

0.045

0.088

0.005

0.039

Outcome: B (95%CI) P-value; B: regression coefficient, CI Confidence interval; Result variable: FT3/FT4, TT4RI, TSHI, TFQI; Exposed variable: CAP; Adjusted for gender, BMI, hypertension,
diabetes, hyperlipidemia, FBG, HbAlc, TG, T-CHO, LDL-C, HDL-C, ALT, AST, GGT, TBIL, ALB, SCr, SUA.
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Smooth-fitting curves of the relationship between CAP and thyroid hormone sensitivity in age subgroup.
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TABLE 7 Trend analysis of multiple regression equations of the relationship between CAP and thyroid hormone sensitivity indicators in age

subgroups.

Exposure

Non-adjusted

B (95%CI)

P-value

Model |
B (95%Cl)

Model Il
B (95%Cl)

FT3/FT4(Age<65 years, CAP<277db/m)

CAP 0.000 (0.000, 0.000) <0.00001 0.000 (0.000, 0.000) 0.03004 0.000 (0.000, 0.000) 0.02714
CAP quartile
Ql 0 0 0
Q2 0.003 (0.000, 0.005) 0.01981 0.001 (-0.002, 0.003) 0.59533 0.001 (-0.002, 0.003) 0.56235
Q3 0.007 (0.005, 0.010) <0.00001 0.002 (-0.000, 0.005) 0.06697 0.003 (0.000, 0.005) 0.04875
Q4 0.008 (0.006, 0.011) <0.00001 0.002 (-0.001, 0.005) 0.16961 0.002 (-0.001, 0.005) 0.14847
CAP quartile continuous 0.003 (0.002, 0.004) 0.001 (-0.000, 0.002) 0.001 (-0.000, 0.002)
P for trend <0.00001 0.10624 0.08837
FT3/FT4(Age<65 years, CAP>277db/m)
CAP 0.000 (-0.000, 0.000) 0.29595 -0.000 (-0.000, -0.000) 0.03111 -0.000 (-0.000, -0.000) 0.02848
CAP quartile
Q1 0 0 0
Q2 0.000 (-0.004, 0.005) 0.86614 -0.001 (-0.005, 0.003) 0.61293 -0.001 (-0.005, 0.003) 0.63681
Q3 0.002 (-0.002, 0.006) 0.3017 -0.001 (-0.005, 0.004) 0.7427 -0.001 (-0.005, 0.004) 0.73001
Q4 0.003 (-0.001, 0.007) 0.18462 -0.003 (-0.008, 0.001) 0.1642 -0.003 (-0.008, 0.002) 0.20461
CAP quartile continuous 0.001 (-0.000, 0.002) -0.001 (-0.003, 0.001) -0.001 (-0.002, 0.001)
P for trend 0.12277 0.22132 0.26022
TSHI(Age<65 years, CAP>272db/m)
CAP 0.001 (0.000, 0.002) 0.01308 0.001 (-0.000, 0.002) 0.11407 0.000 (-0.001, 0.002) 0.52522
CAP quartile
Q1 0 0 0
Q2 0.067 (0.019, 0.116) 0.00676 0.065 (0.016, 0.113) 0.00915 0.061 (0.012, 0.109) 0.01368
Q3 0.041 (-0.006, 0.089) 0.08599 0.034 (-0.015, 0.083) 0.17214 0.018 (-0.032, 0.067) 0.48488
Q4 0.076 (0.029, 0.124) 0.00169 0.062 (0.006, 0.118) 0.03052 0.033 (-0.024, 0.090) 0.26203
CAP quartile continuous 0.020 (0.005, 0.035) 0.016 (-0.002, 0.034) 0.006 (-0.012, 0.024)
P for trend 0.00856 0.08402 0.51327
TFQI(Age<65 years, CAP>270db/m)
CAP 0.001 (0.000, 0.002) 0.00495 0.001 (0.000, 0.002) 0.0228 0.001 (-0.000, 0.001) 0.14681
CAP quartile
Ql 0 0 0
Q2 0.052 (0.018, 0.087) 0.00303 0.050 (0.016, 0.084) 0.00427 0.049 (0.015, 0.083) 0.0051
Q3 0.035 (0.000, 0.069) 0.04773 0.031 (-0.004, 0.066) 0.08422 0.021 (-0.014, 0.057) 0.23277
Q4 0.057 (0.022, 0.091) 0.00135 0.049 (0.009, 0.089) 0.01752 0.031 (-0.010, 0.072) 0.1368

CAP quartile continuous

0.015 (0.004, 0.026)

0.013 (-0.000, 0.026)

0.007 (-0.006, 0.020)

P for trend

Outcome: B (95%CI) P-value, B: regression coefficient, CI Confidence interval; Result variable: FT3/FT4, TSHI, TFQI, Exposed variable: CAP; Model I: Adjusted for gender, BMI; Model II:

0.00845

0.05109

0.29826

Adjusted for gender, BMI, hypertension, diabetes, hyperlipidemia, FBG, HbAlc, TG, T-CHO, LDL-C, HDL-C, ALT, AST, GGT, TBIL, ALB, SCr, SUA.
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B 95%LCI  95%UCI P-value

FT3/FT4(Age<65%, CAP<277db/m)
Non-adjusted. 0.003 0002  0.004  <0.00001 -
Model T 0.001 0 0.002  0.10624 -
Model 1T 0.001 0 0002 0.08837 ot
FT3/FT4(Age<65%, CAP>277db/m) "
Non-adjusted. 0.001 0 0002 0.12277
[ ]
Model T 20,001 -0.003 0001 022132
-
ModellIl  -0.001  -0.002 0001 026022
TSHI(Age<65%, CAP>272db/m)
Non-adjusted 0.02  0.005 0035  0.00856 —_—
Model T 0.016  -0.002 0034  0.08402
Model T  0.006 -0.012 0024 051327
TFQI(Age<65%, CAP>270db/m)
Non-adjusted 0.015  0.004 0.026  0.00845 —_— .
Model T 0.013 0 0.026  0.05109 I
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FIGURE 8
Forest map for the trend test results of CAP and TH sensitivity in age subgroup.
individuals, particularly in visceral fat, which is lower than that in Our research suggests that the fat infiltration in MASLD may

subcutaneous fat tissue (28). It is speculated that the DIO2 is mainly ~ affect TH metabolism of THs and TH receptor expression of TH
distributed in the hypothalamic-pituitary axis, and the insufficient  receptors, leading to TH resistance in the liver, and further
conversion of T3 in this tissue leads to inappropriate elevation or  influencing lipid metabolism and its regulation of the
insufficient suppression of TSH or inability to decrease accordingly,  inflammatory regulation in MASLD. This may provide a
resulting in reduced central TH sensitivity. theoretical basis for developing treatment strategies to improve

TABLE 8 Threshold effect analysis of BMI subgroup analysis of the relationship between CAP and thyroid hormone sensitivity indicators.

For exposure: CAP FT3/FT4
Outcome:
Model |
One linear effect 0.000 (0.000, 0.000) <0.0001  0.000 (-0.000, 0.000) 0.2413 | 0.005 (-0.007, 0.016) 0.4370  0.004 (-0.025, 0.034) 0.7695
Model Il
inflection point(K) 277 309 275 255
<K Segment Effect 1 0.000 (0.000, 0.000) <0.0001 | 0.000 (-0.000, 0.000) 0.0553 | -0.000 (-0.014, 0.013) 0.9861 | 0.064 (-0.052, 0.180) 0.2767
> K Segment Effect 2 ~0.000 (-0.000, 0.000) 0.0707  -0.000 (-0.000, 0.000) 0.2637 | 0.040 (-0.012, 0.092) 0.1326 | -0.007 (-0.043, 0.029) 0.7055
Effect difference -0.000 (-0.000, -0.000) 0.0009  -0.000 (-0.000, 0.000) 0.1065 | 0.040 (-0.018, 0.098) 0.1723 | -0.071 (-0.205, 0.062) 0.2947
The predicted value of the equation 0.343 (0.342, 0.345) 0.349 (0.347, 0.352) 36.426 (35.829, 37.024) 37.048 (35.494, 38.602)
at the inflection point
Log-likelihood ratio test <0.001 0.106 0.172 0.294
(Continued)
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TABLE 8 Continued

For exposure: CAP

Outcome:

10.3389/fendo.2025.1646790

Model |

One linear effect

0.000 (-0.000, 0.001) 0.3903

0.000 (-0.001, 0.001) 0.9984

0.000 (-0.000, 0.000) 0.5033

-0.000 (-0.001, 0.001) 0.9767

Model Il

inflection point(K)

272

249

275

249

< K Segment Effect 1

-0.000 (-0.000, 0.000) 0.7583

0.002 (-0.002, 0.006) 0.2853

-0.000 (-0.000, 0.000) 0.5338

0.002 (-0.001, 0.005) 0.2832

> K Segment Effect 2

0.001 (0.000, 0.003) 0.0413

-0.000 (-0.001, 0.001) 0.5666

0.001 (0.000, 0.003) 0.0136

-0.000 (-0.001, 0.001) 0.5447

Effect difference

The predicted value of the equation
at the inflection point

0.002 (-0.000, 0.003) 0.0590

2.882 (2.864, 2.900)

-0.002 (-0.007, 0.002) 0.2744

2.883 (2.834, 2.931)

0.001 (0.000, 0.003) 0.0174

0.011 (-0.002, 0.024)

-0.002 (-0.005, 0.001) 0.2694

-0.012 (-0.048, 0.024)

Log-likelihood ratio test

0.059

0.273

0.017

0.268

Outcome: B (95%CI) P-value; B: regression coefficient, CI Confidence interval; Result variable: FT3/FT4, TT4RI, TSHI, TFQI; Exposed variable: CAP; Adjusted for gender, age, hypertension,
diabetes, hyperlipidemia, FBG, HbAlc, TG, T-CHO, LDL-C, HDL-C, ALT, AST, GGT, TBIL, ALB, SCr, SUA.
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FIGURE 9

Smooth-fitting curves of the association between CAP and thyroid hormone sensitivity in BMI subgroup.
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TABLE 9 Trend analysis of multiple regression equations of the relationship between CAP and TH sensitivity in BMI subgroups.

Non-adjusted Model | Model Il

Exposure P-value
B (95%Cl) B (95%Cl) B (95%Cl)

FT3/FT4(BMI<28kg/m?, CAP<277db/m)

CAP 0.000 (0.000, 0.000) <0.00001 0.000 (0.000, 0.000) <0.00001 0.000 (0.000, 0.000) <0.00001
CAP quartile

Ql 0 0 0

Q 0.003 (0.001, 0.006) 0.00677 0.003 (0.000, 0.005) 0.02658 0.003 (0.000, 0.005) 0.0227
Q3 0.008 (0.005, 0.010) <0.00001 0.007 (0.004, 0.009) <0.00001 0.007 (0.004, 0.009) <0.00001
Q4 0.009 (0.006, 0.011) <0.00001 0.007 (0.005, 0.009) <0.00001 0.007 (0.004, 0.009) <0.00001

CAP quartile continuous 0.003 (0.002, 0.004) 0.002 (0.002, 0.003) 0.002 (0.002, 0.003)
P for trend <0.00001 <0.00001 <0.00001

TFQI(BMI<28kg/m?, CAP>275db/m)

CAP 0.002 (0.001, 0.004) 0.0012 0.002 (0.000, 0.003) 0.01765 0.001 (-0.000, 0.003) 0.0514

CAP quartile

Q1 0 0 0
Q 0.048 (-0.001, 0.098) 0.05445 0.040 (-0.008, 0.088) 0.10105 0.044 (-0.003, 0.092) 0.069
Q3 0.051 (0.001, 0.102) 0.04716 0.046 (-0.003, 0.096) 0.06771 0.044 (-0.005, 0.093) 0.0794
Q4 0.080 (0.031, 0.130) 0.00143 0.058 (0.009, 0.106) 0.01998 0.050 (0.001, 0.099) 0.04618
CAP quartile continuous 0.024 (0.008, 0.039) 0.017 (0.002, 0.032) 0.016 (0.000, 0.031)
P for trend 0.00257 0.02694 0.04805

Outcome: B (95%CI) P-value, B: regression coefficient, CI Confidence interval; Result variable: FT3/FT4, TFQI; Exposed variable: CAP; Model I: Adjusted for gender, age; Model II: Adjusted for
gender, age, hypertension, diabetes, hyperlipidemia, FBG, HbAlc, TG, T-CHO, LDL-C, HDL-C, ALT, AST, GGT, TBIL, ALB, SCr, SUA.

B 95%LCI 95%UCI P-value

FT3/FT4 (BMI<28kg/m2, CAP<277db/m)
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FIGURE 10
Forest map for the trend test results of CAP and TH sensitivity in BMI subgroup.
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MASLD by regulating TH metabolism and TH receptors, but
further in-depth basic experiments are needed for verification.

5 Limitations

Firstly, the clinical data were analyzed from a single-center
physical examination, which does not represent the characteristics
of the general population. Secondly, although we had adjusted
many confounding factors were adjusted for in the analysis, there
may still have been unmeasured factors, such as incomplete medical
history reports and unclear medication histories, which could affect
the statistical results. Thirdly, data on thyroid peroxidase
antibodies, thyroglobulin antibodies, and other related markers
were not available. Therefore, the influence of thyroid diseases
such as Hashimoto’s thyroiditis could not be ruled out.

6 Conclusion

TH sensitivity in patients with MASLD was significantly
impaired. In non-obese individuals, mild liver fatty infiltration
was associated with higher peripheral TH conversion rate and
sensitivity, while moderate-to-severe fatty infiltration was related
to lower central TH sensitivity. In males, severe liver fatty
infiltration was associated with reduced peripheral and central
TH sensitivity. The possible mechanism may be that hepatic fat
deposition leads to abnormal expression of TH receptors; however,
the specific mechanism requires further study.
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