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Abstract

Hypothyroidism is a risk factor for metabolic dysfunction-associated steatotic liver disease (MASLD) but it is not clear
whether subclinical hypothyroidism (SCH) increases the risk of MASLD and whether SCH patients with MASLD
require treatment. In this study, we reviewed articles published in PubMed from 2013 to 2024 with SCH/hypo-
thyroidism and MASLD as keywords. According to the studies retrieved, SCH increases the likelihood of develop-

ing MASLD. Thyroid hormones influence energy metabolism and storage in adipose tissues, as well as fatty acid

and cholesterol metabolism and transport in the liver. L-T, replacement therapy reduces the prevalence of MASLD,
especially in patients with severe SCH or mild SCH with dyslipidemia. Recent studies showed that thyroid hormone
analogues and thyroid hormone 3 receptor agonists obtained positive results in the treatment of MASLD in ani-

mal models and clinical trials, and Resmetirom has been approved by the US. Food and Drug Administration (FDA)
under the name Rezdiffra for use in conjunction with dietary and exercise regimens for managing non-cirrhotic NASH

in adults with moderate to advanced fibrosis.

Keywords Hypothyroidism, Subclinical hypothyroidism, Non-alcoholic fatty liver disease, Metabolic dysfunction-
associated steatotic liver disease, Molecular roles, Thyroid-related medication

Introduction

Overt hypothyroidism is a prevalent clinical thyroid dis-
order characterized by elevated serum thyrotropin (TSH)
levels as well as reduced free thyroxine (FT4) levels. Sur-
veys have shown that the prevalence of overt hypothy-
roidism ranges from 0.25% to 4.2% in different areas [1].
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Subclinical hypothyroidism (SCH) is often considered
the early stage of hypothyroidism and it is characterized
by elevated serum TSH levels and normal FT4 levels [2].
In endocrinology, it is widely accepted that a range of
4.2 mIU/L to 10 mIU/L for TSH signifies a mild form of
SCH, and a TSH level of 10 mIU/L or higher indicates a
more severe manifestation. SCH has become increasingly
prevalent in modern times and it affects as many as 10%
of the adult population [3]. The prevalence of SCH ranges
from 0.76% to 16.7% [1].

Metabolic dysfunction-associated steatotic liver dis-
ease (MASLD) is the prevailing chronic hepatic disorder
in Western societies, where it is characterized by hepatic
steatosis affecting more than 5% of hepatocytes in the
absence of excessive alcohol consumption (>30 g/day
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for men and > 20 g/day for women), or other underlying
chronic liver diseases, and it is commonly associated with
metabolic risk factors such as obesity and type 2 diabetes
[4]. The global prevalence of MASLD is 25.24% [5] and
the primary causative factor is the buildup of hepatic fat,
which may ultimately lead to cirrhosis or hepatocellular
carcinoma [6].

According to recent studies, growing evidence sup-
ports the hypothesis that hypothyroidism significantly
increases the likelihood of MASLD. However, further
investigation is required to establish a definitive link
between SCH and MASLD. Furthermore, the impacts of
thyroid hormones (THs) on the progression of MASLD
require elucidation. According to the guidelines for the
primary care of hypothyroidism (2019) [7], individuals
experiencing mild SCH accompanied by symptoms of
hypothyroidism, thyroid peroxidase antibody (TPOADb)
positivity, dyslipidemia, or atherosclerotic disease should
receive levothyroxine (L-T,) treatment. Therefore, it
is necessary to determine whether patients with both
SCH and MASLD require therapeutic intervention with
L-T,, as well as considering the side effects of L-T, and
whether novel thyroid-related drugs can contribute to
MASLD remission in addition to improving the thyroid
function. To answer these questions, we reviewed articles
published during the last 10 years and in the PubMed
database by using the keywords SCH/hypothyroidism
and MASLD.

Methods

The procedure for this narrative review included search-
ing PubMed for peer-reviewed journal articles. The arti-
cles mainly published from 2014 to 2024 focused on the
following three topics: hypothyroidism/subclinical hypo-
thyroidism and MASLD, the mechanism of thyroid hor-
mone in the liver, and medications for treating MASLD.
The following search terms were used: hypothyroidism,
subclinical hypothyroidism, non-alcoholic fatty liver dis-
ease, metabolic dysfunction-associated steatotic liver dis-
ease, molecular roles, lipid metabolism, thyroid-related
medication, THRP. Inclusion criteria included the fol-
lowing: 1) disease-related clinical manifestations are
caused by thyroid hormone dysfunction; 2) thyroid hor-
mones play a role through transcriptional or non-tran-
scriptional effects; 3) treatment-related clinical trials and
randomized controlled trials. Articles with the following
relevant topics were excluded: 1) the correlation between
SCH / hypothyroidism and MASLD was not discussed;
2) THs acts on other organs except liver; 3) the object of
treatment is not MASLD but its related complications,
such as diabetes; 4) articles published before 2000. We
also analyzed 8 articles through the recommendations of
reviewers. Overall, the articles used as references ranged
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from 2001 to 2024. Using this strategy, 68 journal articles
were found (Fig. 1).

Results

Hypothyroidism/SCH and MASLD

Hypothyroidism and MASLD

Hypothyroidism is recognized as a risk factor for MASLD
and the possible mechanism involves hypothyroidism-
associated dyslipidemia leading to hepatic fat accumu-
lation, which then contributes to insulin resistance and
the development of MASLD [8]. Studies have identi-
fied evaluated TSH level as a risk factor for MASLD,
more specifically, there is a positive linear association
between TSH levels and MASLD risk and FT4 levels are
negatively related with MASLD risk [9-11]. Alessandro
et al. conducted a meta-analysis based on 44,140 indi-
viduals and found that criteria for different definitions
of hypothyroidism were all associated with a significant
increase in MASLD, and independent of common met-
abolic risk factors [12]. The results obtained in a cross-
sectional study of 1276 subjects by Ludwig et al. showed
that the incidence of hepatic steatosis increased signifi-
cantly as serum thyroxine concentrations decreased [13].
Many studies have determined an association between
hypothyroidism and MASLD, but these observational
studies did not demonstrate a causal relationship, and
randomized controlled trials (RCTs) to determine causal-
ity are often difficult to implement in clinical settings. A
Mendelian randomization study by Qiu et al. (n=1483)
modeled RCT based on the random assignment of alleles
obtained strong evidence that hypothyroid patients had
a significantly increased risk of MASLD [14]. Hypo-
thyroidism is associated with the risk of developing
MASLD but it may also have an impact on the progno-
sis of MASLD. A cross-sectional study in a US popula-
tion (n=3489) demonstrated that low thyroid function
(low-normal thyroid function[TSH:2.5-4.5mIU/L] and
SCH|[TSH >4.5mIU/L and normal T4]) was associated
with MASLD, and it also predicted elevated all-cause and
cardiovascular mortality in patients with MASLD [15].
In general, the current opinion is that hypothyroidism
is associated with MASLD, but not all studies are in full
agreement regarding their relationship [16]. For exam-
ple, a retrospective study by Escude et al. based on 10,116
individuals found no association between hypothyroid-
ism and MASLD [17].

SCH and MASLD

SCH increases the risk of MASLD A recent retrospec-
tive cohort study of Eastern populations (n=2901) also
found an independent association between low thy-
roid function (TSH =2.5mIU/L) and MASLD, but fur-
ther stratification analysis showed that SCH, but not
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Fig. 1 PRISMA flow diagram

low-normal thyroid function, was still significantly asso-
ciated with MASLD [18].The association of low thyroid
function with cardiovascular and all-cause mortality was
also highly consistent, but further study found that mild
SCH (TSH:4.5-10mIU/L) carried significantly higher
health risks than severe SCH (TSH>10mlIU/L). This

may be due to the TSH values of the patients with severe
SCH reached the intervention level recommended by the
guidelines and received the corresponding treatment. So,
a lower TSH cutoff value is of considerable importance
to reduce the health risk of MASLD patients. In addi-
tion, the finding that elevated TSH levels, even in the
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normal range, are strongly associated with cardiovascu-
lar and all-cause mortality in patients with MASLD also
supports reevaluation of the TSH reference range [19].
Another recent study that included 44 cases also showed
that SCH and clinical hypothyroidism were independ-
ent risk factors for the development of MASLD, and
that clinical hypothyroidism had a stronger correlation
[20], which is also consistent with the findings obtained
in a cross-sectional study by Xu et al. (n=654) [21]. The
cross-sectional study by Chung et al. (n=4648) showed
that SCH continued to have a strong dose-dependent
correlation with MASLD even in the range of high nor-
mal TSH levels [22]. Interestingly, a recent cross-sec-
tional study by Fan et al. (n=4567) showed that elevated
TSH was associated with advanced fibrosis in MASLD,
even in the presence of normal thyroid function [23]. A
retrospective study based on a population of adolescents
and children (n=122) concluded that obesity-related
SCH was associated with MASLD, although it is possi-
ble that this conclusion may have been tempered by age
factors [24]. A large German population based cohort
study (n=40,583) provided evidence for a strong associa-
tion between MASLD and SCH after excluding age and
gender [25]. In the ongoing study of hypothyroidism and
MASLD, serum IL-27 was found to predict the occur-
rence of MASLD in patients with hypothyroidism (both
overt and subclinical hypothyroidism), it was negatively
correlated with the incidence of MASLD, and showed a
compensatory increase in patients with hypothyroidism,
which means that it may be a potential therapeutic target
for MASLD in patients with hypothyroidism [26].

No significant correlation between SCH and MASLD 1In
contrast to the conclusion that SCH increases the risk
of MASLD, some studies found no significant correla-
tion between SCH and MASLD. A 4-year retrospective
cohort study analyzed 18,544 subjects and found that the
incidence of MASLD in the SCH group was not higher
than that in the control group, and the results did not
change significantly even after multivariate adjustment
[16]. Jaruvongvanich et al. conducted a systematic review
and meta-analysis based on 14 studies, and found no
association with MASLD for either SCH or overall hypo-
thyroidism (both SCH and hypothyroidism) [27].

Thus, views still differ regarding the relationship
between clinical hypothyroidism/SCH and MASLD,
but most consider that there is a correlation between
the two diseases. Several possible reasons may explain
the different results obtained in observational studies.
First, the populations selected in different studies were
often quite different due to geographical and other fac-
tors. Second, the definitions used in different studies
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were not completely consistent. Finally, the accuracy of
the research results may have been limited by diagnostic
methods and the degree of error.

Thyroid function and MASLD are associated with sarcopenia
Sarcopenia is a condition associated with aging, char-
acterized by a progressive decline in skeletal muscle
mass, weakening of muscle strength, and deterioration
of muscle function, often coexisting with various dis-
eases. Prior research has identified pleiotropic genes
shared between MASLD and sarcopenia, demonstrat-
ing a positive genetic association [28]. The interaction
between MASLD and sarcopenia also contributes to an
increased risk of cardiovascular and all-cause mortality
[29]. Furthermore, thyroid function appears to influence
the occurrence of sarcopenia. In a cross-sectional study
involving 6,974 Brazilian middle-aged and elderly com-
munity residents, the findings indicated no association
between subclinical thyroid dysfunction and sarcopenia.
However, a U-shaped association was observed between
TSH levels and both sarcopenia and low muscle strength
in older adults, while FT3 levels exhibited a negative cor-
relation with muscle mass [30]. Another study indicated
that hyperthyroidism, hypothyroidism, and subclinical
hyperthyroidism are associated with an increased risk of
sarcopenia [31]. However, one study suggested that there
is no significant causal relationship between thyroid func-
tion and sarcopenia-related traits [32]. Therefore, further
investigations are required to elucidate the relationship
between thyroid function and sarcopenia. In the realm
of interventions and therapies for sarcopenia, research
has indicated that, alongside essential physical exercise,
polyphenolic natural compounds may mitigate or delay
the progression of sarcopenia through the improvement
of pro-inflammatory states [33].

Molecular roles of THs in metabolism in adipose and liver
tissues

The two main sources of fatty acids in the liver are exog-
enous comprising fatty acids produced by the breakdown
of adipose tissue, which enter the liver via the blood-
stream, and endogenous via de novo lipogenesis (DNL).
The liver uses fatty acids for two main purposes com-
prising lipid metabolism and the synthesis of cholesterol
or triglycerides. In the presence of hypothyroidism, tri-
glyceride metabolism is slowed down and triglycerides
accumulate more in the liver, thereby leading to the high
accumulation of fatty acids [34]. Toxic lipid substances
accumulate when the ability of the liver to process pri-
mary metabolic energy substrates, carbohydrates, and
fatty acids is overwhelmed. Excess metabolites induce
hepatocyte stress, injury and death, which subsequently
leads to hepatic insulin resistance, changes in the gut
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microbiota, and other harmful phenomena, such as mito-
chondrial dysfunction, endoplasmic reticulum stress,
oxidative stress, and the generation of reactive oxygen
species (ROS). These harmful factors eventually make the
liver chronically inflamed, which promotes MASLD [6,
35].

Molecular roles of THs in metabolism in the liver

Transcriptional effects There are two main types of TH
where Tj is the active form and T, is a prohormone that
is activated at the cellular and circulation levels by deio-
dinase. Type 2 deiodinase (D,) has the ability to convert
T, into T4 [36]. It was shown that higher D, activity in
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mouse adipose tissue enhanced oxygen consumption
[37]. Thyroid hormone receptors (THRs) are nuclear
hormone receptors that function as ligand-dependent
transcription factors and they are found mainly in the
nucleus with few in the cytoplasm. THRa and THR are
the two main isoforms of THRs. THRs exhibit tissue-
specific expression patterns, where THRa is primar-
ily expressed in the heart and bone, whereas THRp is
primarily expressed in the liver [38]. In the absence of
ligands, THRs can bind to the thyroid hormone response
elements of their target genes and recruit co-repressor
complexes with histone deacetylase activity to inhibit the
transcription of positively regulated genes. After ligand
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increased expression)
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Fig. 2 Mechanism of action for thyroid hormones in the liver. Sources of intrahepatic FFAs: 1. Extrahepatic FFAs enter hepatocytes via transport
proteins, such as FATPs, L-FABPs, and CD36. T; promotes the expression of these transport proteins. 2. Glucose is converted into FFA

through the DNL pathway by enzymes, such as FAS and ACC, and T; promotes the expression of related enzymes. 3. Hepatic lipase and AGTL
break down triglycerides into FFAs and T; promotes the expression of related enzymes. 4. Lysosomes are involved in lipophagy, which breaks
down triglycerides into FFAs. T; increases lysosomal biogenesis, improves LAMP expression, and increases lysosomal stability. Destinations of FFAs
in the liver: 5. Conversion to triglycerides stored in the liver by FAS and ACC, and T; promotes the expression of related enzymes. 6. Involved

in B-oxidation in mitochondria and eventually metabolized. T; increases mitochondrial biogenesis, promotes the expression of B-oxidation related
rate-limiting enzymes, and facilitates autophagic degradation of damaged mitochondria to maintain the quality of mitochondria at a high level.

7. Conversion to cholesterol, where LDL is converted into bile acids or excreted directly into the bile. T; promotes the expression of rate-limiting
enzymes and LDL-R during cholesterol synthesis. ABCG, a transporter protein required for the transfer of bile acids and part of the cholesterol

into bile, is also upregulated by T
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binding, the conformations of THRs change, thereby
leading to the release of co-repressors and the recruit-
ment of co-activator complexes with histone acetyltrans-
ferase activity to enhance gene transcription [39]. The
routes that allow THs to act on the liver are described as
follows (Fig. 2).

THs regulate the transport of extrahepatic free fatty
acids (FFAs) to the liver

THs stimulates lipolysis in white adipose tissue (WAT)
and dietary fat sources to produce circulating FFAs,
which are the main source of liver lipids. FFAs enter
hepatocytes through protein transporters such as fatty
acid transfer proteins, liver fatty acid binding proteins
(L-FABPs), and fatty acid translocase (FAT; also known
as CD36) [40]. Fatty acid transporters are regulated
by THRs. THs promote upregulation of the transcrip-
tion factor Peroxisome proliferator-activated receptors
(PPAR) -y by binding to THRs, which then leads to an
increase in the expression of these transporter proteins
[41]. When the THs level decreases in the body, the
expression levels of FAT and FABP are also suppressed in
the liver, which reduces the uptake of triglyceride-derived
fatty acids in the liver.

THs regulate intrahepatic lipogenesis

In hepatocytes, the DNL pathway is initiated when an
excess of substrate leads to an increase in mitochondrial
citrate. The DNL pathway converts selectable carbon
sources to FFAs, and the core enzymes involved in the
process include acetyl-CoA carboxylase and fatty acid
synthase [42]. Among these enzymes, acetyl-CoA car-
boxylase and fatty acid synthase are also involved in tri-
glyceride synthesis in the liver [43]. T can facilitate this
process by amplifying cAMP signaling and enhancing the
transcription of associated DNL enzymes [44].

THs promote hepatic lipid metabolism

THs stimulate lipogenesis but the net amount of tri-
glycerides is reduced in the presence of elevated THs
levels because the metabolism of fatty acids occurs more
quickly than the synthesis of fatty acids. THs increase the
activity of hepatic lipolysis and fatty acid metabolism,
which is the main process that allows the liver to reduce
steatosis.

A Generation and release of FFAs in the liver

THs promote lipolysis primarily through the break-
down of stored triglycerides into FFAs and their sub-

Page 6 of 16

sequent [-oxidation. The ability of hepatocytes to
release accumulated FFAs from triglycerides depends
on cytoplasmic lipases. Hepatic lipase and adipose
triglyceride lipase are the two main cytoplasmic
lipases in the liver. The expression and activity of
hepatic lipase are sensitive to the THs level [45].

In the lipophagy process, lipid droplets fuse with lys-
osomes and are eventually broken down into FFAs,
which are transported to mitochondria. Mucolipin
1 on lysosomes also regulates and can enhance the
FFA efflux process [46]. T promotes lipid autophagy
and increases the number of autophagosomes and
lysosomes [47]. In addition to promoting the expres-
sion of lysosomal genes, T, increases the expression
of lysosomal-associated membrane protein (LAMP)
(48, 49], which is a protein associated with stabiliz-
ing lysosomes and enhancing their resistance to the
autophagosome burden activity to enhance the lyso-
somal activity [50].

Metabolism of FFAs

Mitochondria are major sites for fatty acid metabo-
lism and classical targets for TH action in the liver.
THs induces estrogen-related receptor a (ESRRA)
expression by stimulating the expression of the tran-
scription factor PPARGC1A. Thyroid hormone ulti-
mately promotes mitochondrial biogenesis in an
ESRRA-dependent manner [51, 52]. THs also indi-
rectly increase the upregulation of genes related to
mitochondrial transcription factors and cytochrome
¢ by increasing the levels of nuclear respiratory fac-
tor (NRF) —1 and peroxisome proliferator-activated
receptor gamma coactivator 1 (PGC-1) [53]. The
rate-limiting enzyme for related mitochondrial
B-oxidation is carnitine O-palmitoyltransferase 1 and
its gene expression level can also be upregulated by
T, [54].

In addition to increasing mitochondrial genesis and
promoting fatty acid -oxidation, THs improve the
overall quality of mitochondria by removing ROS-
damaged mitochondria due to increased oxidative
phosphorylation [48]. The Ca**-calcium/calmodulin-
dependent protein kinase kinase 2 (CAMKK2)—5"-
AMP-activated protein kinase (AMPK) signaling cas-
cade pathway can be triggered by ROS produced by
TH-mediated oxidative phosphorylation, which can
facilitate the autophagy of damaged mitochondria
and ultimately increase the overall quantity of mito-
chondria. ROS can also initiate mitophagy, thereby
increasing mitochondrial biogenesis and preventing
mitochondrial loss of function and aging, and reduc-
ing mitochondrial oxidative stress [55].
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THs promote cholesterol metabolism and transport

THs improve cholesterol metabolism in the liver by
promoting cholesterol biosynthesis, low density lipopro-
tein-receptor (LDL-R) mediated endocytosis, and reverse
cholesterol transport [56].

Sterol regulatory element-binding protein 2 (SREBP) is
positively transcribed by T, which allows SREBP to enter
the nucleus and activate the transcription of the LDL-R
and 3-hydroxy-3-methylglutaryl-coenzyme A reductase
(HMG-CoA) genes [57]. In particular, LDL-R medi-
ates LDL endocytosis and the HMG-CoA enzyme limits
the rate at which cholesterol is synthesized. These two
enzymes work together to keep the serum LDL level low.

In the reverse cholesterol transport process, high den-
sity lipoprotein transports peripheral cholesterol to the
liver, where it is ultimately excreted from the body in the
form of bile acids. Sobetirome (GC-1) (specific THRf)
treatment resulted in a decrease in the serum cholesterol
levels in food-fed mice, stimulated the activity of choles-
terol 7a-hydroxylase (Cyp7Al), increased the amount of
hepatic high density lipoprotein receptors, and facilitated
the excretion of bile acids [58]. Cyp7Al is the rate-limit-
ing enzyme in the conversion of cholesterol to bile acids.
An in vitro study showed that T; promoted the expres-
sion of Cyp7A1l in human hepatocytes [59]. In addition,
an ATP-binding cassette subfamily G member transport
protein is required for the excretion of bile acids and cho-
lesterol into the bile, and it is also upregulated by T [56].

Non-transcriptional effects

In THR mutant mice, when THR loses its ability to
bind to DNA, some TH-related functions remain, such
as the heart rate, body temperature, and blood glucose
and triglyceride concentrations, thereby suggesting
that THs have non-transcriptional effects [60]. In addi-
tion to nuclear receptor-mediated genomic effects that
increase or decrease gene transcription, T, can exert
non-transcriptional effects via intracytoplasmic THRs
or membrane integrin receptor avp3 [61]. T alters the
phosphorylation state of several kinases in a tissue-spe-
cific manner in vivo, and stimulates mitochondrial ontog-
eny, fatty acid oxidation, and autophagy via AMPK [39].

Molecular roles of THs in metabolism in adipose tissue

The body’s adipose tissue is mainly divided into WAT and
brown adipose tissue (BAT). WAT is divided into subcu-
taneous adipose tissue and visceral adipose tissue, which
store excess energy in the form of triglycerides. The WAT
capacity expands when the triglyceride content stor-
age increases [62]. The increased accumulation of WAT,
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particularly in visceral depots, is a key determinant of
the relative risk for cardiometabolic disorders, hyperten-
sion, and cardiovascular disease [63]. Thus, an increase in
WAT is biased toward a pathological nature. BAT is dis-
tributed in the cervical, supraclavicular, axillary, paraspi-
nal, mediastinal, and abdominal regions. BAT protects
animals from hypothermia by dissipating energy as heat
through a process known as non-shivering thermogen-
esis [63].

In human adipose tissue, WAT depends primarily on
the storage and release of lipids to control energy homeo-
stasis, whereas BAT depends primarily on the consump-
tion of stored energy in the form of calories [64]. T4 can
enhance the adrenergic effects in WAT and cause WAT
to undergo catabolism. T; can also promote BAT ther-
mogenesis effects [39], which are mainly mediated by T
in BAT stimulating the proliferation of brown adipose
progenitor cells [65], increasing mitochondrial prolifera-
tion and Ucpl expression, and increasing the mitochon-
drial B-oxidation capacity [66, 67].

THs lower the lipid burden in the liver by promoting
the transfer of extrahepatic FFAs to the liver, intrahepatic
lipid synthesis, intrahepatic lipid metabolism, and intra-
hepatic cholesterol metabolism and transport. THs also
stimulate lipid metabolism in peripheral adipose tissue,
where this mechanism allows THs to reduce the exces-
sive accumulation of metabolites such as FFAs, thereby
maintaining the liver in a healthy state.

Thyroid-related medications for MASLD

L-T, is the standard medication for hypothyroidism
and its efficacy in the treatment of patients with SCH
and MASLD has been investigated. In addition, numer-
ous studies conducted to explore the use of TH analogs
or THRp-selective agonists in MASLD treatment have
yielded valuable insights and novel approaches”. In recent
years, many studies have focused on THR[-selective ago-
nists, primarily due to their specific action on the liver.
This class of medications is currently the focus of various
ongoing clinical trials, thereby highlighting the growing
interest and potential therapeutic benefits associated
with these compounds (Table 1).

LT,
L-T, is the standard care for the treatment of hypothy-
roidism, lowering total cholesterol,low density lipopro-
tein cholesterol,and increasing liver lipase activity and
is also effective in patients with MASLD [68-70]. Liu
et al. conducted a post-hoc analysis of an RCT to evalu-
ate the effects of SCH treatment on MASLD, where their
objective was to identify novel therapeutic possibili-
ties for the management of MASLD. Furthermore, they
conducted subgroup analysis to examine the impacts of
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L-T, supplementation on MASLD among patients with
mild SCH and dyslipidemia [71]. This post-hoc analy-
sis involved 363 subjects comprising 33 patients with
severe SCH (TSH>10 mU/L) and 330 patients with
mild SCH (4.2 mU/L<TSH<10 mU/L). All patients
with severe SCH were treated with L-T,, and among the
patients with mild SCH, 181 patients were treated with
L-T, (mild SCH-L-T, group) and 149 patients were not
treated (mild SCH control group). In patients with severe
SCH, the prevalence of MASLD decreased from 48.5%
to 24.2% (P=0.041) [71]. In the sub-L-T, group compris-
ing patients with mild SCH and dyslipidemia who were
treated with L-T,, there was a decrease in the prevalence
of MASLD from the beginning to the end of the study
(54.3% to 40.5%, P=0.035). In the sub-control group
comprising patients with mild SCH and dyslipidemia
who did not receive L-T,, there was also a decrease in
the prevalence of MASLD, although this decrease was
not statistically significant compared with the sub-L-T,
group (44.0% to 39.6%, P=0.548). In addition, this study
analyzed the rate of MASLD remission in patients who
started with MASLD and the incidence in patients with-
out MASLD, where 26 of 63 patients with MASLD in the
sub-L-T, group (41.3%) recovered, which was higher than
the number in the sub-control group (35.0%, P=0.525).
Among patients who started without MASLD, the inci-
dence of MASLD at the end of the study was 18.9% in
the sub-L-T, group, which was slightly lower than that in
the sub-control group (19.6%, P=0.924) [71]. The results
indicated that L-T, replacement therapy was advanta-
geous for managing MASLD in individuals diagnosed
with SCH, particularly for patients with severe SCH or
mild SCH accompanied by dyslipidemia. Furthermore,
L-T, replacement therapy has the potential to decrease
the occurrence of MASLD. In clinical practice, it is com-
mon to encounter patients who have SCH combined
with MASLD, and normal blood lipid levels. However,
the impact of L-T, supplementation on MASLD in this
specific patient group has not yet been documented and
further investigations are required. It has been demon-
strated L-T, is efficacious in the management of MASLD
resulting from various diseases in both animal models
and patients. Studies have shown that L-T, can signifi-
cantly decrease hepatic triglyceride levels and enhance
mitochondrial oxidation [69, 70]. Nevertheless, it is
important to note that L-T, can potentially have impacts
on cardiac and skeletal tissues that express THRa. Thyro-
tropin suppression therapy has the potential to decrease
bone mineral density in certain premenopausal and post-
menopausal women [72]. Therefore, additional clinical
studies are required to further refine our understanding
in order to establish the appropriate dosage.

Page 11 of 16

TH analogues (3, 5-diiodo-L-thyronine and TRC150094)

The naturally occurring iodothyronine called 3,5-diiodo-
L-thyronine (T2) substantially enhanced hepatic mito-
chondrial oxygen consumption and fatty acid metabolism
in a rat model treated with a high-fat diet to effectively
prevent the development of hepatic steatosis. In addi-
tion, T2 did not cause thyrotoxicity or adverse effects at
the cardiac level in the animal models [73, 74]. In human
studies, T2 also significantly increased the resting meta-
bolic rate in subjects without causing changes in thyroid-
related hormone levels [75]. Nevertheless, there have
been no extensive clinical investigations of T2 because
the focus has shifted toward examining its functional
analog TRC150094. Similar to T2, TRC150094 acts at the
mitochondrial level to increase fatty acid metabolism and
reverse steatosis. The therapeutic efficacy of TRC150094
was observed in animal models and in a phase II clini-
cal trial. At a dosage of 50 mg, a uniform reduction
trend was observed across all lipid components associ-
ated with arteriosclerosis. At present, the compound is
undergoing a phase III clinical trial (NCT03254446) to
assess its effectiveness in mitigating cardiovascular risk
in individuals with diabetes, dyslipidemia, and hyperten-
sion [76, 77]. However, research has also indicated that
TRC150094 at a dose of 50 mg/day does not improve the
metabolic stability of subjects at increased risk of cardio-
vascular metabolism [78]. To date, there is still no com-
pelling evidence demonstrating the potential effects of
T2 or TRC150094 in treating obesity or MASLD.

THR-selective agonists

GC-1 and eprotirome (KB2115) GC-1 and eprotirome
(KB2115) were among the initial set of THRp-selective
agonists employed in clinical trials. Their application in
preliminary trials conducted on animal models indicated
good therapeutic effectiveness, with enhancements of
aberrant metabolic parameters, such as the body weight,
liver fat content, and serum cholesterol content. In addi-
tion, in early clinical trials, eprotirome exhibited excel-
lent therapeutic efficacy in subjects, without significant
side effects [59, 79]. Subsequent animal trials of sobeti-
rome and eprotirome showed that both sobetirome and
eprotirome were effective in treating steatosis in fat-fed
rats, but they both impaired insulin sensitivity via dis-
crete pathways [80]. The phase III clinical trial of epro-
tirome was ultimately halted after only six weeks due to
concurrent toxicology studies in dogs demonstrating the
adverse effects of eprotirome on canine cartilage [81].
Due to the detrimental impacts observed in these studies,
both subsequent investigations of sobetirome and eproti-
rome were prematurely terminated [82].
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VK2809 (MB07811) MB07811 is a hepatic THRp-
selective agonist and a prodrug of MB07344. In contrast
to GC-1, MB07811 possesses a phosphate group in its
side chain. Preclinical investigations obtained promis-
ing outcomes regarding cholesterol metabolism, with
no notable adverse effects observed [83]. However, the
clinical trials of MB07811 were prematurely termi-
nated before initiation [84]. The renaming of MB07811
to VK2809 and subsequent recommencement of trials
occurred recently. In mouse models of glycogen stor-
age disease, VK2809 was efficacious in effectively lower-
ing hepatic triglyceride levels by concurrently reinstat-
ing autophagy, mitochondrial biogenesis, and fatty acid
[B-oxidation [85]. A phase II clinical trial that investi-
gated the efficacy of VK2809 found that participants who
received VK2809 exhibited notable reductions in their
liver fat contents as determined by the magnetic reso-
nance imaging proton density fat fraction (MRI-PDFF)
technique compared with those who received a placebo.
In addition, the improved tolerability of VK2809 was
demonstrated among the subjects involved in the study
[86]. In order to further investigate the therapeutic effec-
tiveness of VK2809, a phase II clinical trial is currently
underway (NCT04173065). This trial aims to assess the
efficacy, safety, and tolerability of administering VK2809
over a period of 52 weeks.

TG68 TG68 is a novel selective agonist of THRpB. A
comparative study conducted using a mouse model
treated with a high-fat diet assessed the effects of TG68
and MGL-3196 (a THRp-selective agonist that is cur-
rently undergoing phase III clinical trials). The findings
showed that when administered in equal doses, both
drugs obtained comparable outcomes in terms of reduc-
ing the liver weight, alleviating hepatic steatosis, and
lowering blood triglyceride levels in mice [87]. A recent
preclinical investigation showed that in addition to its
significant impact on diminishing liver fat levels, brief
exposure to TG68 induced the reversal of diethylnitrosa-
mine-induced preneoplastic lesions in the livers of rats,
among other benefits [88]. Clinical studies of TG68 are
still lacking but the results obtained in current trials have
demonstrated the notable therapeutic potential of TG68.

Resmetirom (MGL-3196) Resmetirom (MGL-3196) is a
liver-directed, THRp-selective agonist, which has obtained
positive therapeutic effects in patients with non-alco-
holic steatohepatitisONASH) in several recent clinical
trials [89-92], and has been approved by the U.S. Food
and Drug Administration (FDA) under the name Rezdif-
fra for use in conjunction with dietary and exercise regi-
mens for managing non-cirrhotic NASH in adults with
moderate to advanced fibrosis. In the 36-week phase II
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trial of Resmetirom, in week 12, the measurements of
liver fat content indicated a significant reduction of 32.9%
in the group treated with Resmetirom compared with
a decrease of 10.4% in the placebo group (P<0.0001).
Similarly, by week 36, a highly significant reduction of
37.3% was found in the Resmetirom group compared
with a decrease of 8.5% in the placebo group (P<0.0001).
Moreover, Resmetirom had significant effects on lower-
ing liver enzymes, atherogenic lipids, lipoproteins, and
markers of inflammation and fibrosis, and improving
liver biopsies in NASH compared with the placebo [89].
During the course of the trial, researchers observed that
the administration of Resmetirom for the treatment of
NASH could lead to improvements in the health-related
quality of life among patients. This positive change was
found to be most significant at week 12 and continued
consistently until week 36 [90]. Furthermore, subsequent
investigations involving animal models substantiated the
therapeutic efficacy of Resmetirom in the treatment of
advanced NASH [93]. Results from several Phase 3 clini-
cal trials of Resmetirom have been recently reported. One
of these trials, known as MAESTRO-NAFLD-1, was a
52-week randomized, double-blind, placebo-controlled
Phase 3 trial (NCT04197479) with the aim of assessing
the safety profile of Resmetirom in clinical settings. Dur-
ing the 52-week treatment period and 4-week follow-up,
the incidence rates of treatment-emergent adverse events
(TEAESs) in adult patients receiving 100 mg Resmetirom
(325 patients), 80 mg Resmetirom (327 patients), placebo
(320 patients), and 100 mg Resmetirom in an open-label
trial (171 patients) were 86.1%, 88.4%, 81.8%, and 86.5%,
respectively. There were no significant differences among
them, and the majority of TEAEs were of mild to moder-
ate severity. The study results demonstrate that Resmeti-
rom is safe and well-tolerated in adult patients presumed
to have NASH [91]. The trial results at the 52nd week of
a 54-month randomized, double-blind, placebo-controlled
study (NCT03900429) involving Resmetirom were subse-
quently published [92]. The two primary endpoints of the
trial at week 52 were defined as the resolution of NASH
with non-worsening fibrosis, and an improvement (reduc-
tion) in at least one stage of fibrosis with non-worsening
of the MASLD activity score. In this clinical trial, a total of
966 primary participants were randomly distributed into
three groups in a 1:1:1 ratio, with 322 individuals in the
80 mg Resmetirom group, 323 in the 100 mg Resmetirom
group, and 321 in the placebo group. The results at the
52-week mark revealed that 25.9% of patients in the 80 mg
group and 29.9% in the 100 mg group achieved NASH
resolution without worsening fibrosis, in contrast to 9.7%
in the placebo group (P<0.001). Furthermore, 24.2% and
25.9% of patients in the 80 mg and 100 mg groups, respec-
tively, displayed a minimum of one stage improvement
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in fibrosis without worsening the MASLD activity score,
compared to 14.2% in the placebo group (P<0.001). At
the 24th week of the study, participants receiving 80 mg
and 100 mg doses exhibited decreased LDL cholesterol
levels compared to their initial measurements, showing a
reduction of 13.6% in the 80 mg group and 16.3% in the
100 mg group. Conversely, there was no reduction (0.1%)
in the placebo group (P<0.001). Notably, this observed
effect persisted up to the 52nd week of the research period.
Compared to the placebo group, patients in the Resmeti-
rom group showed a decrease in levels of triglycerides,
non-high-density lipoprotein cholesterol, apolipoprotein
B, apolipoprotein C-III, and lipoprotein (a) at weeks 24
and 52. Furthermore, liver enzyme levels also decreased
more significantly in the Resmetirom group compared
to the placebo group [92]. The subsequent phases of the
trial will assess the safety implications associated with
the extended administration of Resmetirom as well as its
impact on the advancement of cirrhosis. The findings indi-
cate that Resmetirom indeed exerts a noteworthy impact
on the resolution of NASH and the improvement of liver
fibrosis. However, the observation that fewer than one-
third of participants administered Resmetirom during the
clinical study attained remission implies that it may not be
a miracle drug for all individuals with NASH.

Future perspectives

In the field of epidemiology, numerous studies have sug-
gested that SCH is a potential risk factor for MASLD;
however, this association remains controversial. The
interplay between thyroid function, MASLD, and sarco-
penia warrants further investigation to elucidate poten-
tial mechanistic links.

Regarding pharmacological interventions, L-T4 ther-
apy is currently primarily indicated for patients with
severe SCH or those with mild SCH accompanied by dys-
lipidemia. Nevertheless, the effect of L-T4 supplementa-
tion on MASLD has not been reported in patients with
mild SCH and concurrent MASLD who are dyslipidemic,
and thus further research is needed. Additionally, the
potential therapeutic role of TH analogues in managing
obesity or MASLD remains an area of active exploration.
It is noteworthy that most of the pharmacological agents
discussed in this review are still in the clinical research
phase. Should subsequent clinical trials demonstrate the
long-term efficacy and safety of these drugs, they may
offer novel therapeutic avenues for managing MASLD in
patients with SCH. Further research is essential to vali-
date these potential treatment options and optimize clin-
ical outcomes.
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Conclusions

Hypothyroidism is widely recognized as a significant
risk factor for MASLD. While the association between
SCH and an increased risk of MASLD remains a sub-
ject of debate, the majority of research supports this
correlation. Studies have demonstrated that THs play
a crucial role in promoting lipid metabolism and excre-
tion in both hepatic and adipose tissues, thereby signifi-
cantly mitigating hepatic lipid accumulation. In response
to this mechanism of action, several therapeutic agents
targeting MASLD, including L-T4, thyroid hormone
analogues, and THRp-selective agonists, have advanced
to the clinical research stage. L-T4 therapy has been
shown to reduce the prevalence of MASLD, especially
in patients with severe SCH or mild SCH patients with
dyslipidemia, and these patient populations should be
prioritized for active clinical intervention. Furthermore,
THs and numerous THR-selective agonists have yielded
positive results in animal models or clinical trials. Nota-
bly, Resmetirom, a THR[-selective agonist, has received
approval from the U.S. Food and Drug Administration
(FDA) under the trade name Rezdiffra. It is indicated for
use in conjunction with dietary and exercise regimens to
manage non-cirrhotic NASH in adults with moderate to
advanced liver fibrosis.

Acknowledgements
We thank the physicians at the Department of Endocrinology of Shengjing
Hospital of China Medical University for their advice and assistance.

Disclosure summary
The authors have nothing to disclose.

Authors’ contributions
Zhao, Pu and Jiang wrote the main manuscript.Zhao prepared Figs. 1 and 2.
Pu prepared Table 1.Cui revised the manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
(Grant no. 82400922). This work was also funded by the Provincial Natural
Science Foundation of Liaoning (Grant no. 2022-BS-120) and the 345 Talent
Project of Shengjing Hospital of China Medical University (Grant no. M1349).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interests

The authors declare no competing interests.

Received: 13 October 2024 Accepted: 9 February 2025
Published online: 27 February 2025



Pu et al. Lipids in Health and Disease

(2025) 24:75

References

1.

20.

21.

Taylor PN, Albrecht D, Scholz A, Gutierrez-Buey G, Lazarus JH, Dayan CM,
Okosieme OE. Global epidemiology of hyperthyroidism and hypothyroid-
ism. Nat Rev Endocrinol. 2018;14:301-16.

LeFevre ML: Screening for thyroid dysfunction: U.S. Preventive Ser-

vices Task Force recommendation statement. Ann Intern Med.
2015;162:641-650.

Biondi B, Cappola AR, Cooper DS. Subclinical Hypothyroidism: A Review
Jama. 2019;322:153-60.

EASL-EASD-EASO Clinical Practice Guidelines for the management of
non-alcoholic fatty liver disease. Diabetologia. 2016;59:1121-1140.
Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M.

Global epidemiology of nonalcoholic fatty liver disease-Meta-analytic
assessment of prevalence, incidence, and outcomes. Hepatology.
2016;64:73-84.

Powell EE, Wong VW, Rinella M. Non-alcoholic fatty liver disease. Lancet.
2021;397:2212-24.

Association CM, House CMJP. Practice CSoG, Association EBoCJoGPoCM,
Disease EGoGfPCoES: Guideline for primary care of hypothyroidism.
Chinese Journal of General Practitioners. 2019;2019:1022-8.

Mavromati M, Jornayvaz FR. Hypothyroidism-Associated Dyslipidemia:
Potential Molecular Mechanisms Leading to NAFLD. Int J Mol Sci. 2021;22:
12797.

Bano A, Chaker L, Plompen EP, Hofman A, Dehghan A, Franco OH, Jans-
sen HL, Darwish Murad S, Peeters RP. Thyroid Function and the Risk of
Nonalcoholic Fatty Liver Disease: The Rotterdam Study. J Clin Endocrinol
Metab. 2016;101:3204-11.

Zeng X, Li B, Zou Y. The relationship between non-alcoholic fatty liver
disease and hypothyroidism: A systematic review and meta-analysis.
Medicine (Baltimore). 2021;100:225738.

. Guo Z, Li M, Han B, Qi X. Association of non-alcoholic fatty liver disease

with thyroid function: A systematic review and meta-analysis. Dig Liver
Dis. 2018;50:1153-62.

Mantovani A, Nascimbeni F, Lonardo A, Zoppini G, Bonora E, Mantzo-

ros CS, Targher G. Association Between Primary Hypothyroidism and
Nonalcoholic Fatty Liver Disease: A Systematic Review and Meta-Analysis.
Thyroid. 2018;28:1270-84.

Ludwig U, Holzner D, Denzer C, Greinert A, Haenle MM, Oeztuerk S,
Koenig W, Boehm BO, Mason RA, Kratzer W, Graeter T. Subclinical and
clinical hypothyroidism and non-alcoholic fatty liver disease: a cross-
sectional study of a random population sample aged 18 to 65 years. BMC
Endocr Disord. 2015;15:41.

Qiu 'S, Cao P, GuoYY, Lu H, Hu Y. Exploring the Causality Between Hypothy-
roidism and Non-alcoholic Fatty Liver: A Mendelian Randomization Studly.
Front Cell Dev Biol. 2021;9:643582.

Kim D, Vazquez-Montesino LM, Escober JA, Fernandes CT, Cholankeril G,
Loomba R, Harrison SA, Younossi ZM, Ahmed A. Low Thyroid Function in
Nonalcoholic Fatty Liver Disease Is an Independent Predictor of All-Cause
and Cardiovascular Mortality. Am J Gastroenterol. 2020;115:1496-504.
Lee KW, Bang KB, Rhee EJ, Kwon HJ, Lee MY, Cho YK. Impact of hypothy-
roidism on the development of non-alcoholic fatty liver disease: A 4-year
retrospective cohort study. Clin Mol Hepatol. 2015;21:372-8.

Martinez Escudé A, Pera G, Arteaga |, Exp6sito C, Rodriguez L, Tordn

P, Caballeria L. Relationship between hypothyroidism and non-

alcoholic fatty liver disease in the Spanish population. Med Clin (Barc).
2020;154:1-6.

Wang S, Xia D, Fan H, Liu Z, Chen R, Suo C, Zhang T. Low thyroid func-
tion is associated with metabolic dysfunction-associated steatotic liver
disease. JGH Open. 2024;8:e13038.

Chen YL, Tian S,Wu J, Li H, Li S, Xu Z, Liang XY, Adhikari VP, Xiao J, Song

JY, et al. Impact of Thyroid Function on the Prevalence and Mortality of
Metabolic Dysfunction-Associated Fatty Liver Disease. J Clin Endocrinol
Metab. 2023;108:e434-43.

RM,RM, SR, Ganga R: To Assess Non Alcoholic Fatty Liver Disease in
Patients with Clinical and Subclinical Hypothyroidism. J Assoc Physicians
India. 2023;71:1.

Xu L, Ma H, Miao M, Li Y. Impact of subclinical hypothyroidism on the
development of non-alcoholic fatty liver disease: a prospective case-
control study. J Hepatol. 2012;57:1153-4.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 14 of 16

Chung GE, Kim D, Kim W, Yim JY, Park MJ, Kim YJ, Yoon JH, Lee HS. Non-
alcoholic fatty liver disease across the spectrum of hypothyroidism. J
Hepatol. 2012;57:150-6.

Fan H, Li L, Liu Z, Zhang P Wu S, Han X, Chen X, Suo C, Cao L, Zhang T.
Low thyroid function is associated with an increased risk of advanced
fibrosis in patients with metabolic dysfunction-associated fatty liver
disease. BMC Gastroenterol. 2023;23:3.

Patel R, Dave C, Mehta S, Mendpara H, Shukla R, Bajpai A. Metabolic
Impact of Subclinical Hypothyroidism in Obese Children and Adoles-
cents. Indian J Pediatr. 2021,88:437-40.

Loosen SH, Demir M, Kostev K, Luedde T, Roderburg C. Incidences of
hypothyroidism and autoimmune thyroiditis are increased in patients
with nonalcoholic fatty liver disease. Eur J Gastroenterol Hepatol.
2021;33:21008-12.

Wen'Y, Zhang H, Yang N, Gao X, Chen Z, Liu J, Wang G. Serum IL-27 levels
increase in subjects with hypothyroidism and are negatively correlated
with the occurrence of nonalcoholic fatty liver disease. Front Endocrinol
(Lausanne). 2023;14:1173826.

JaruvongvanichV, Sanguankeo A, Upala S. Nonalcoholic Fatty Liver
Disease Is Not Associated with Thyroid Hormone Levels and Hypothyroid-
ism: A Systematic Review and Meta-Analysis. Eur Thyroid J. 2017,6:208-15.
Yuan J, Zhang J, Luo Q, Peng L. Effects of nonalcoholic fatty liver disease
on sarcopenia: evidence from genetic methods. Sci Rep. 2024;14:2709.
Sun X, Liu Z, Chen F, Du T. Sarcopenia modifies the associations of non-
alcoholic fatty liver disease with all-cause and cardiovascular mortality
among older adults. Sci Rep. 2021;11:15647.

Szlejf C, Suemoto CK, Janovsky C, Barreto SM, Diniz M, Lotufo PA, Bense-
nor IM. Thyroid Function and Sarcopenia: Results from the ELSA-Brasil
Study. J Am Geriatr Soc. 2020;68:1545-53.

Wei J, Hou S, Hei P, Wang G. Thyroid dysfunction and sarcopenia: a two-
sample Mendelian randomization study. Front Endocrinol (Lausanne).
2024;15:1378757.

Xu R, Li YY, Xu H. Mendelian randomization analysis reveals no causal
relationship between thyroid function and sarcopenia-related traits. Front
Endocrinol (Lausanne). 2024;15:1406165.

Tarantino G, Sinatti G, Citro V, Santini SJ, Balsano C. Sarcopenia, a condi-
tion shared by various diseases: can we alleviate or delay the progres-
sion? Intern Emerg Med. 2023;18:1887-95.

Hatziagelaki E, Paschou SA, Schén M, Psaltopoulou T, Roden M. NAFLD
and thyroid function: pathophysiological and therapeutic considerations.
Trends Endocrinol Metab. 2022,33:755-68.

Friedman SL, Neuschwander-Tetri BA, Rinella M, Sanyal AJ. Mecha-

nisms of NAFLD development and therapeutic strategies. Nat Med.
2018;24:908-22.

Benenati N, Bufano A, Cantara S, Ricci C, Marzocchi C, Ciuoli C, Sannino |,
Tirone A, Voglino C, Vuolo G, Castagna MG: Type 2 deiodinase p.Thr92Ala
polymorphism does not affect the severity of obesity and weight loss
after bariatric surgery. Sci Rep. 2022;12:10643.

Oliveira FCB, Bauer EJ, Ribeiro CM, Pereira SA, Beserra BTS, Wajner SM,
Maia AL, Neves FAR, Coelho MS, Amato AA. Liraglutide Activates Type

2 Deiodinase and Enhances 33-Adrenergic-Induced Thermogenesis in
Mouse Adipose Tissue. Front Endocrinol (Lausanne). 2021;12:803363.
Sinha RA, Singh BK, Yen PM. Direct effects of thyroid hormones on
hepatic lipid metabolism. Nat Rev Endocrinol. 2018;14:259-69.

Mullur R, Liu YY, Brent GA. Thyroid hormone regulation of metabolism.
Physiol Rev. 2014;94:355-82.

Mashek DG. Hepatic fatty acid trafficking: multiple forks in the road. Adv
Nutr. 2013;4:697-710.

ChenY, Zhang J, Cui W, Silverstein RL. CD36, a signaling receptor and fatty
acid transporter that regulates immune cell metabolism and fate. J Exp
Med. 2022;219:20211314.

Batchuluun B, Pinkosky SL, Steinberg GR. Lipogenesis inhibitors:
therapeutic opportunities and challenges. Nat Rev Drug Discov.
2022;21:283-305.

Han J, Wang Y. mTORCT1 signaling in hepatic lipid metabolism. Protein
Cell. 2018;,9:145-51.

Guilherme A, Yenilmez B, Bedard AH, Henriques F, Liu D, Lee A, Goldstein
L, Kelly M, Nicoloro SM, Chen M, et al. Control of Adipocyte Thermogen-
esis and Lipogenesis through 33-Adrenergic and Thyroid Hormone Signal
Integration. Cell Rep. 2020;31:107598.



Pu et al. Lipids in Health and Disease

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

(2025) 24:75

Zhang D, WeiY, Huang Q, Chen'Y, Zeng K, Yang W, Chen J, Chen J. Impor-
tant Hormones Regulating Lipid Metabolism. Molecules. 2022;27:7052.
Cui W, Sathyanarayan A, Lopresti M, Aghajan M, Chen C, Mashek DG.
Lipophagy-derived fatty acids undergo extracellular efflux via lysosomal
exocytosis. Autophagy. 2021;17:690-705.

Sinha RA, You SH, Zhou J, Siddique MM, Bay BH, Zhu X, Privalsky ML,
Cheng SY, Stevens RD, Summers SA, et al. Thyroid hormone stimulates
hepatic lipid catabolism via activation of autophagy. J Clin Invest.
2012;122:2428-38.

Byrnes K, Blessinger S, Bailey NT, Scaife R, Liu G, Khambu B. Therapeu-

tic regulation of autophagy in hepatic metabolism. Acta Pharm Sin B.
2022;12:33-49.

Tseng YH, Chang CC, Lin KH. Thyroid hormone upregulates LAMP2
expression and lysosome activity. Biochem Biophys Res Commun.
2023;662:66-75.

Chi HC, Tsai CY, Tsai MM, Yeh CT, Lin KH. Molecular functions and clinical
impact of thyroid hormone-triggered autophagy in liver-related diseases.
J Biomed Sci. 2019;26:24.

Weitzel JM, lwen KA. Coordination of mitochondrial biogenesis by thyroid
hormone. Mol Cell Endocrinol. 2011;342:1-7.

Singh BK, Sinha RA, Tripathi M, Mendoza A, Ohba K, Sy JAC, Xie SY,

Zhou J, Ho JB, Chang C-y, et al. Thyroid hormone receptor and ERRa
coordinately regulate mitochondrial fission, mitophagy, biogenesis, and
function. Sci Signal. 2018;11:e¢aam5855.

Weitzel JM, Radtke C, Seitz HJ. Two thyroid hormone-mediated gene
expression patterns in vivo identified by cDNA expression arrays in rat.
Nucleic Acids Res. 2001;29:5148-55.

Thakran S, Sharma P, Attia RR, Hori RT, Deng X, Elam MB, Park EA. Role

of sirtuin 1 in the regulation of hepatic gene expression by thyroid hor-
mone. J Biol Chem. 2013;288:807-18.

Sinha RA, Singh BK, Zhou J, Wu'Y, Farah BL, Ohba K, Lesmana R, Gooding
J, Bay BH, Yen PM. Thyroid hormone induction of mitochondrial activity
is coupled to mitophagy via ROS-AMPK-ULK1 signaling. Autophagy.
2015;11:1341-57.

Ritter MJ, Amano |, Hollenberg AN. Thyroid Hormone Signaling and the
Liver. Hepatology. 2020;72:742-52.

Duntas LH, Brenta G. A Renewed Focus on the Association Between
Thyroid Hormones and Lipid Metabolism. Front Endocrinol (Lausanne).
2018,9:511.

Johansson L, Rudling M, Scanlan TS, Lundasen T, Webb P, Baxter J, Angelin
B, Parini P. Selective thyroid receptor modulation by GC-1 reduces serum
lipids and stimulates steps of reverse cholesterol transport in euthyroid
mice. Proc Natl Acad Sci U S A. 2005;102:10297-302.

Berkenstam A, Kristensen J, Mellstrom K, Carlsson B, Malm J, Rehnmark S,
Garg N, Andersson CM, Rudling M, Sjéberg F, et al. The thyroid hormone
mimetic compound KB2115 lowers plasma LDL cholesterol and stimu-
lates bile acid synthesis without cardiac effects in humans. Proc Natl Acad
Sci U S A.2008;105:663-7.

Bianco AC, Dumitrescu A, Gereben B, Ribeiro MO, Fonseca TL, Fernandes
GW, Bocco B. Paradigms of Dynamic Control of Thyroid Hormone Signal-
ing. Endocr Rev. 2019;40:1000-47.

Cheng SY, Leonard JL, Davis PJ. Molecular aspects of thyroid hormone
actions. Endocr Rev. 2010;31:139-70.

Santillana N, Astudillo-Guerrero C, D'Espessailles A, Cruz G. White Adipose
Tissue Dysfunction: Pathophysiology and Emergent Measurements.
Nutrients. 2023;15:1722.

Koenen M, Hill MA, Cohen P, Sowers JR. Obesity, Adipose Tissue and
Vascular Dysfunction. Circ Res. 2021;128:951-68.

Zwick RK, Guerrero-Juarez CF, Horsley V, Plikus MV. Anatomical,
Physiological, and Functional Diversity of Adipose Tissue. Cell Metab.
2018,27:68-83.

LiuS, Shen S, Yan, Sun C, Lu Z, Feng H, Ma Y, Tang Z, Yu J, Wu Y, et al. Trii-
odothyronine (T3) promotes brown fat hyperplasia via thyroid hormone
receptor a mediated adipocyte progenitor cell proliferation. Nat Com-
mun. 2022;13:3394.

Yau WW, Singh BK, Lesmana R, Zhou J, Sinha RA, Wong KA, Wu Y, Bay BH,
Sugii S, Sun L, Yen PM. Thyroid hormone (T(3)) stimulates brown adipose
tissue activation via mitochondrial biogenesis and MTOR-mediated
mitophagy. Autophagy. 2019;15:131-50.

Yau WW, Yen PM. Thermogenesis in Adipose Tissue Activated by Thyroid
Hormone. Int J Mol Sci. 2020;21:3020.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Page 150f 16

Brenta G, Berg G, Miksztowicz V, Lopez G, Lucero D, Faingold C, Murakami
M, Machima T, Nakajima K, Schreier L. Atherogenic Lipoproteins in Sub-
clinical Hypothyroidism and Their Relationship with Hepatic Lipase Activ-
ity: Response to Replacement Treatment with Levothyroxine. Thyroid.
2016;26:365-72.

Bruinstroop E, Dalan R, Cao'Y, Bee YM, Chandran K, Cho LW, Soh SB, Teo
EK, Toh SA, Leow MKS, et al. Low-Dose Levothyroxine Reduces Intrahe-
patic Lipid Content in Patients With Type 2 Diabetes Mellitus and NAFLD.
J Clin Endocrinol Metab. 2018;103:2698-706.

Zhou J, Tripathi M, Ho JP, Widjaja AA, Shekeran SG, Camat MD, James

A, WuY, Ching J, Kovalik JP, et al. Thyroid Hormone Decreases Hepatic
Steatosis, Inflammation, and Fibrosis in a Dietary Mouse Model of Nonal-
coholic Steatohepatitis. Thyroid. 2022;32:725-38.

LiuL, YuY, Zhao M, Zheng D, Zhang X, Guan Q, Xu C, Gao L, Zhao J, Zhang
H. Benefits of Levothyroxine Replacement Therapy on Nonalcoholic Fatty
Liver Disease in Subclinical Hypothyroidism Patients. Int J Endocrinol.
2017;2017:5753039.

Papaleontiou M, Hawley ST, Haymart MR. Effect of Thyrotropin Sup-
pression Therapy on Bone in Thyroid Cancer Patients. Oncologist.
2016;21:165-71.

Lanni A, Moreno M, Lombardi A, de Lange P, Silvestri E, Ragni M, Farina P,
Baccari GC, Fallahi P, Antonelli A, Goglia F. 3,5-diiodo-L-thyronine power-
fully reduces adiposity in rats by increasing the burning of fats. Faseb j.
2005;19:1552-4.

Mollica MP, Lionetti L, Moreno M, Lombardi A, De Lange P, Antonelli A,
Lanni A, Cavaliere G, Barletta A, Goglia F. 3,5-diiodo-I-thyronine, by modu-
lating mitochondrial functions, reverses hepatic fat accumulation in rats
fed a high-fat diet. J Hepatol. 2009;51:363-70.

Antonelli A, Fallahi P, Ferrari SM, Di Domenicantonio A, Moreno M, Lanni
A, Goglia F. 3,5-diiodo-L-thyronine increases resting metabolic rate and
reduces body weight without undesirable side effects. J Biol Regul
Homeost Agents. 2011;25:655-60.

Cioffi F, Zambad SP, Chhipa L, Senese R, Busiello RA, Tuli D, Munshi S,
Moreno M, Lombardi A, Gupta RC, et al. TRC150094, a novel functional
analog of iodothyronines, reduces adiposity by increasing energy
expenditure and fatty acid oxidation in rats receiving a high-fat diet.
Faseb j. 2010,24:3451-61.

Joshi D, Gj P, Ghosh S, Mohanan A, Joshi S, Mohan V, Chowdhury S, Dutt
C, Tandon N.TRC150094, a Novel Mitochondrial Modulator, Reduces
Cardio-Metabolic Risk as an Add-On Treatment: a Phase-2, 24-Week,
Multi-Center, Randomized, Double-Blind. Clinical Trial Diabetes Metab
Syndr Obes. 2022;15:615-31.

van der Valk F, Hassing C, Visser M, Thakkar P, Mohanan A, Pathak K, Dutt C,
Chauthaiwale V, Ackermans M, Nederveen A, et al. The effect of a diiodo-
thyronine mimetic on insulin sensitivity in male cardiometabolic patients:
a double-blind randomized controlled trial. PLoS ONE. 2014;9:86890.
Grover GJ, Egan DM, Sleph PG, Beehler BC, Chiellini G, Nguyen NH, Baxter
JD, ScanlanTS. Effects of the thyroid hormone receptor agonist GC-1 on
metabolic rate and cholesterol in rats and primates: selective actions rela-
tive to 3,5,3"-triiodo-L-thyronine. Endocrinology. 2004;145:1656-61.
Vatner DF, Weismann D, Beddow SA, Kumashiro N, Erion DM, Liao

XH, Grover GJ, Webb P, Phillips KJ, Weiss RE, et al. Thyroid hormone
receptor-f agonists prevent hepatic steatosis in fat-fed rats but impair
insulin sensitivity via discrete pathways. Am J Physiol Endocrinol Metab.
2013;305:E89-100.

Sjouke B, Langslet G, Ceska R, Nicholls SJ, Nissen SE, Ohlander M, Laden-
son PW, Olsson AG, Hovingh GK, Kastelein JJ. Eprotirome in patients with
familial hypercholesterolaemia (the AKKA trial): a randomised, double-
blind, placebo-controlled phase 3 study. Lancet Diabetes Endocrinol.
2014;2:455-63.

Zucchi R. Thyroid Hormone Analogues: An Update. Thyroid.
2020;30:1099-105.

Ito BR, Zhang BH, Cable EE, Song X, Fujitaki JM, MacKenna DA, Wilker CE,
Chi B, van Poelje PD, Linemeyer DL, Erion MD. Thyroid hormone beta
receptor activation has additive cholesterol lowering activity in combina-
tion with atorvastatin in rabbits, dogs and monkeys. Br J Pharmacol.
2009;156:454-65.

Wirth EK, Puengel T, Spranger J, Tacke F. Thyroid hormones as a disease
modifier and therapeutic target in nonalcoholic steatohepatitis. Expert
Rev Endocrinol Metab. 2022;17:425-34.



Pu et al. Lipids in Health and Disease (2025) 24:75 Page 16 of 16

85. Zhou J, Waskowicz LR, Lim A, Liao XH, Lian B, Masamune H, Refetoff
S, Tran B, Koeberl DD, Yen PM. A Liver-Specific Thyromimetic, VK2809,
Decreases Hepatosteatosis in Glycogen Storage Disease Type la. Thyroid.
2019;29:1158-67.

86. Loomba R, Neutel J, Mohseni R, Bernard D, Severance R, Dao M, Saini
S, Margaritescu C, Homer K, Tran B, et al. LBP-20-VK2809, a Novel Liver-
Directed Thyroid Receptor Beta Agonist, Significantly Reduces Liver Fat
with Both Low and High Doses in Patients with Non-Alcoholic Fatty Liver
Disease: A Phase 2 Randomized. Placebo-Controlled Trial Journal of Hepa-
tology. 2019;70:e150-1.

87. Caddeo A, Kowalik MA, Serra M, Runfola M, Bacci A, Rapposelli S, Colum-
bano A, Perra A.TG68, a Novel Thyroid Hormone Receptor-3 Agonist for
the Treatment of NAFLD. Int J Mol Sci. 2021;22:13105.

88. Caddeo A, Serra M, Sedda F, Bacci A, Manera C, Rapposelli S, Columbano
A, Perra A, Kowalik MA. Potential use of TG68 - A novel thyromimetic - for
the treatment of non-alcoholic fatty liver (NAFLD)-associated hepatocar-
cinogenesis. Front Oncol. 2023;13:1127517.

89. Harrison SA, Bashir MR, Guy CD, Zhou R, Moylan CA, Frias JP, Alkhouri N,
Bansal MB, Baum S, Neuschwander-Tetri BA, et al. Resmetirom (MGL-
3196) for the treatment of non-alcoholic steatohepatitis: a multicentre,
randomised, double-blind, placebo-controlled, phase 2 trial. Lancet.
2019;394:2012-24.

90. Younossi ZM, Stepanova M, Taub RA, Barbone JM, Harrison SA. Hepatic
Fat Reduction Due to Resmetirom in Patients With Nonalcoholic
Steatohepatitis Is Associated With Improvement of Quality of Life. Clin
Gastroenterol Hepatol. 2022;20:1354-1361.e1357.

91. Harrison SA, Taub R, Neff GW, Lucas KJ, Labriola D, Moussa SE, Alk-
houri N, Bashir MR. Resmetirom for nonalcoholic fatty liver disease: a
randomized, double-blind, placebo-controlled phase 3 trial. Nat Med.
2023;29:2919-28.

92. Harrison SA, Bedossa P, Guy CD, Schattenberg JM, Loomba R, Taub R,
Labriola D, Moussa SE, Neff GW, Rinella ME, et al. A Phase 3, Randomized,
Controlled Trial of Resmetirom in NASH with Liver Fibrosis. N Engl J Med.
2024;390:497-509.

93. Kannt A, Wohlfart P, Madsen AN, Veidal SS, Feigh M, Schmoll D. Activation
of thyroid hormone receptor-f3 improved disease activity and metabo-
lism independent of body weight in a mouse model of non-alcoholic
steatohepatitis and fibrosis. Br J Pharmacol. 2021;178:2412-23.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Hypothyroidismsubclinical hypothyroidism and metabolic dysfunction-associated steatotic liver disease: advances in mechanism and treatment
	Abstract 
	Introduction
	Methods
	Results
	HypothyroidismSCH and MASLD
	Hypothyroidism and MASLD
	SCH and MASLD
	Thyroid function and MASLD are associated with sarcopenia

	Molecular roles of THs in metabolism in adipose and liver tissues
	Molecular roles of THs in metabolism in the liver
	Non-transcriptional effects

	Molecular roles of THs in metabolism in adipose tissue
	Thyroid-related medications for MASLD
	L-T4
	TH analogues (3, 5-diiodo-L-thyronine and TRC150094)
	THRβ-selective agonists


	Future perspectives
	Conclusions
	Acknowledgements
	References


