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Abstract Metabolic dysfunction-associated steatotic liver disease (MASLD) has become the most prevalent chronic liver disease
worldwide, affecting approximately 32% - 38% of the adult population and posing a growing public health burden. MASLD
represents a continuous disease spectrum ranging from simple steatosis to metabolic dysfunction-associated steatohepatitis (MASH),
progressive hepatic fibrosis, cirrhosis, and ultimately hepatocellular carcinoma (HCC). The pathological core of MASLD lies in

disruption of hepatic lipid metabolic homeostasis, characterized by an imbalance among de novo lipogenesis, fatty acid -oxidation,
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and very-low-density lipoprotein (VLDL) - mediated lipid export. This metabolic disequilibrium subsequently drives inflammatory
injury and fibrotic progression. Among the multiple regulatory pathways involved, thyroid hormone (TH) signaling has emerged as a
central regulator of hepatic metabolic homeostasis. The liver is a major peripheral target organ of TH action, where TH
predominantly exerts its metabolic effects through thyroid hormone receptor § (TRp). Large-scale epidemiological studies and meta-
analyses have demonstrated that hypothyroidism is significantly associated with increased MASLD prevalence, more severe
histological injury, and advanced hepatic fibrosis, suggesting that dysregulation of TH signaling may participate throughout the entire
MASLD disease spectrum. At the molecular level, TH regulates hepatic lipid metabolism by coordinating suppression of lipogenesis,
enhancement of mitochondrial fatty acid oxidation, and promotion of VLDL assembly and secretion through integrated genomic
actions of the T3 - TR axis and non-genomic signaling pathways. Across different stages of MASLD, TH signaling exerts stage-
dependent protective effects. In the steatosis stage, TH improves metabolic flexibility by modulating insulin sensitivity, glucose
metabolism, and lipid droplet clearance, thereby alleviating early lipotoxic stress. During progression to MASH, TH attenuates
inflammatory amplification by improving mitochondrial homeostasis, suppressing activation of the NOD-like receptor family pyrin
domain containing 3 (NLRP3) inflammasome, and modulating the gut - liver axis microenvironment. In advanced stages, TH
signaling influences hepatic stellate cell activation and extracellular matrix deposition, partly through interaction with the
transforming growth factor- B (TGF- B)/SMAD pathway, while alterations in intrahepatic TH availability, mediated by dynamic
changes in iodothyronine deiodinase 1 (DIO1), contribute to fibrosis progression and hepatocellular dedifferentiation. In
hepatocellular carcinoma, coordinated downregulation of TR and DIO1 establishes a tumor-associated hypothyroid state that
promotes metabolic reprogramming and tumor progression. The clinical relevance of TH signaling in MASLD has been underscored
by the recent approval of Resmetirom, a liver-targeted TR -selective agonist, for the treatment of non-cirrhotic MASH with
moderate-to-severe fibrosis (F2 - F3). This approval represents a landmark transition from mechanistic understanding to metabolism-
centered precision therapy in MASLD. Clinical trials have demonstrated that Resmetirom not only improves key histological
endpoints, including MASH resolution and fibrosis regression, but also favorably modulates atherogenic lipid profiles, highlighting
the therapeutic potential of selectively targeting hepatic TH pathways. This review systematically summarizes the multidimensional
regulatory roles of TH across the MASLD disease spectrum and discusses emerging diagnostic and therapeutic implications of TH-

based interventions, aiming to inform future mechanistic research and optimize clinical management strategies.

Key words metabolic dysfunction-associated steatotic liver disease, thyroid hormone, thyroid hormone receptor B, hepatic lipid
metabolism, thyroid hormone receptor agonist
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Among the multiple regulatory pathways
thyroid hormone (TH)
recognized as a pivotal regulator of hepatic metabolic
Through its

Metabolic dysfunction-associated steatotic liver

disease (MASLD) has become the most prevalent involved, signaling s

chronic liver disease worldwide, with an adult

prevalence of approximately 32% - 38%. In Chinese homeostasis. predominant  hepatic

urban populations, the prevalence is similarly close to
30%, with 10% - 20%
representing an

developing fibrosis,

increasingly substantial disease
burden!'?. MASLD manifests as a continuous disease
spectrum, progressing from simple steatosis to
metabolic  dysfunction-associated  steatohepatitis
(MASH), hepatic fibrosis/cirrhosis, and potentially
culminating in hepatocellular carcinoma (HCC) .
The pathological core lies in the disruption of hepatic
lipid metabolic homeostasis, whereby an imbalance
among de novo lipogenesis, fatty acid P -oxidation,
and very-low-density lipoprotein (VLDL) -mediated
lipid export leads to ectopic lipid deposition,

triggering inflammatory and fibrotic cascades.

receptor, thyroid hormone receptor B (TRp), TH
regulates key lipid metabolic processes including
synthesis, mitochondrial biogenesis, [ -oxidation, and
VLDL Additionally,
lipophagy, TH may play a direct role in regulating

secretion. by promoting
lipotoxicity. Meta-analyses encompassing over 76.5

million individuals have demonstrated that
hypothyroidism is significantly associated with an
increased risk of MASLD development, as well as
more severe histological injury and hepatic fibrosis,
suggesting that TH signaling dysregulation may be
implicated throughout the entire disease progression
of MASLD'"¥.
Based on these

insights, TRp -targeted
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therapeutic ~ strategies have
attention. The oral TR agonist Resmetirom, currently
the only agent granted accelerated approval by the U.
S. Food and Drug Administration (FDA) for adult
MASH patients with non-cirrhotic moderate-to-severe
fibrosis (F2 - F3), represents a development toward

metabolism-centered precision interventions in the

garnered increasing

MASLD treatment landscape. However, its long-term
efficacy and safety require further validation through
real-world studies™.
Therefore, this
summarizes the multidimensional regulatory roles of
TH across distinct stages of the MASLD disease
spectrum, including steatosis, inflammation, fibrosis,

review systematically

and carcinogenesis, and further discusses the potential
value of thyroid function-related biomarkers in
MASLD diagnosis and risk stratification, aiming to
provide
understanding and optimizing targeted therapeutic

insights  for  deepening  mechanistic

strategies.
1 Molecular basis of hepatic TH signaling

Understanding the multidimensional regulatory
roles of TH in MASLD requires elucidation of its
fundamental mechanisms of action in the liver. This
section systematically delineates the molecular basis
of TH uptake by hepatocytes, local activation, and
nuclear receptor signaling transduction.

1.1 Cellular transport and local activation of TH

The liver serves as a central organ for peripheral
TH metabolism. Circulating thyroxine (T4) enters
hepatocytes via specific membrane transporters,
including organic anion transporting polypeptides and
monocarboxylate transporters!'®'!, Within
hepatocytes, the iodothyronine deiodinase (DIO)
family determines local TH bioactivity: DIO1 and
DIO2 are responsible for converting T4 into the
biologically active triiodothyronine (T3), whereas
DIO3 mediates its inactivation''?. In MASLD, hepatic
DIO1

compensatory upregulation occurs

expression undergoes dynamic alterations:
in early-stage
steatosis, however, with progression to advanced
MASH, DIOIl expression and activity decline,
resulting in reduced local T3 availability despite
normal circulating
(TSH) levels'.

1.2 Classical genomic actions of TH

thyroid-stimulating  hormone

T3, as the primary active form of TH, binds to its

nuclear receptors (thyroid hormone receptor, TR) to
precisely regulate hepatic lipid metabolism at the
transcriptional level. TR comprises two isoforms, TRa
and TRP. In the liver, TRP! is the predominant
isoform and serves as the key receptor governing lipid
metabolism!"*'*,  The
mechanism of this pathway is illustrated in Figure 1:
in the absence of T3, TR/retinoid X receptor (RXR)
heterodimers bound to thyroid hormone response
(TREs) on DNA preferentially recruit
(NCoR),
mediator of retinoid and thyroid hormone receptors
(SMRT), and histone deacetylase 3 (HDAC3), leading

and cholesterol classical

elements

nuclear receptor corepressor silencing

to chromatin condensation and transcriptional
repression of target genes''>'"].
Upon T3 binding, receptor conformation

changes, releasing the corepressor complex and
recruiting coactivators such as steroid receptor
coactivator-1 (SRC-1) and CREB-binding protein/
E1A-binding protein p300 (CBP/p300) "'*'*'°1 This
process promotes histone acetylation and chromatin
opening, thereby initiating transcriptional programs
for genes involved in lipid synthesis, fatty acid
oxidation, and cholesterol metabolism!'* '*,

Through this precise molecular switch, the T3 -
TR axis directly governs the dynamic equilibrium
between lipid anabolism and catabolism. Disruption
of this signaling pathway is considered a pivotal
molecular event driving hepatic steatosis and
subsequent metabolic dysregulation.

Schematic illustration of thyroid hormone
signaling through TR/RXR-dependent transcriptional
regulation of hepatic metabolic genes. T4, thyroxine.
T3, triiodothyronine. TR, thyroid hormone receptor.
RXR, retinoid X receptor. TRE, thyroid hormone
response element. TATA boxes, core promoter DNA
(distinct TRE). MCTS,
monocarboxylate NCoR, nuclear
receptor corepressor. SMRT, silencing mediator of
retinoid and thyroid hormone receptor. HDACS3,
histone deacetylase 3. CBP, CREB-binding protein.
SRC-1, steroid receptor coactivator-1. SREBP-Ic,
sterol regulatory element-binding protein-1c. FASN,
CPT1, carnitine
palmitoyltransferase 1. LDLR, low-density
lipoprotein receptor. HMGCR, HMG-CoA reductase.
OATP1B1/1B3, organic anion
polypeptide 1B1/1B3. DIO1/DIO2,

deiodinase 1/2.

element from

transporter 8.

fatty acid

synthase.

transporting
iodothyronine
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Fig. 1 Regulation of lipid—related gene expression by TH in hepatocytes

1.3 Non—genomic actions of TH

Beyond  classical genomic  transcriptional
regulation, TH mediates rapid cellular signaling
responses through non-genomic mechanisms. For
instance, TH can activate kinase cascades such as
phosphatidylinositol 3-kinase/protein kinase B (PI3K/
Akt) and mitogen-activated protein kinase (MAPK)
via cell surface integrin avB3!'>22", thereby rapidly
modulating mitochondrial function® and cytoskeletal
remodeling!>2*,

This dual "genomic - non-genomic" regulatory
mode confers TH with flexibility to respond to acute
metabolic stress (such as lipotoxic episodes), and the
synergy between these two mechanisms is essential
for maintaining metabolic homeostasis in the

challenging microenvironment of MASLD.

2 Multidimensional TH  regulatory

network across the MASLD disease

spectrum

The pathological progression of MASLD

represents a continuous dynamic process, initiating
from simple steatosis, advancing through MASH, and
ultimately culminating in hepatic fibrosis and HCC.
The TH signaling axis spans this entire continuum,

counteracting  pathological progression through
multidimensional molecular mechanisms.
2.1  Steatosis stage: regulation of insulin

sensitivity and lipid homeostasis

Simple steatosis represents the initial stage of
MASLD, characterized by lipid metabolic imbalance
in the context of systemic and hepatic insulin
resistance (IR), leading to progressive accumulation
of triglycerides (TG) within hepatocytes>?%. At this
stage, recent evidence suggests that TH may modulate
hepatic lipid homeostasis by influencing insulin
sensitivity, lipid metabolic regulatory networks, and
lipid droplet clearance processes, thereby mitigating
the early lipotoxic burden to a certain extent?’ 2,
2.1.1

glucose metabolic regulation

Insulin resistance-related signaling and

Hepatic insulin resistance is a central driver of
MASLD pathogenesis, characterized by impaired
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insulin signaling that promotes excessive hepatic
glucose production and dyslipidemia®~". Increasing
evidence indicates that TH modulates hepatic insulin
resistance through regulation of canonical insulin
pathways  and
transcription factors,

signaling glucose  metabolic
although most mechanistic
insights are derived from animal and in vitro studies,
with limited validation in human MASLD.
Enhancement of canonical insulin signaling.
Under physiological conditions, insulin binding to its
receptor phosphorylation
involving insulin receptor substrate-1 and -2 (IRS-1/
2), PI3K/Akt, and downstream effectors such as the
mammalian target of rapamycin complex 2
(mTORC2) P In MASLD, IRS-1

phosphorylation and Akt activation contribute to

activates a cascade

impaired

hepatic steatosis and glucose homeostatic dysfunction.
Experimental studies suggest that TH potentiates this
signaling axis by upregulating insulin receptor and
IRS-1
transcriptional regulation, thereby enhancing insulin

expression via T3 - TRP - dependent
signaling capacity in hepatocytes™. In addition, TH-
activated PI3K - Akt signaling suppresses glycogen
synthase kinase 3 beta (GSK3p) activity through
Ser9,
metabolic processes®’). Collectively, these effects may

phosphorylation  at promoting anabolic
improve hepatic insulin signaling efficiency, although
direct clinical evidence in MASLD remains limited.
Regulation of FoxOl and glucose metabolic
transcription. Beyond proximal signaling events, TH
also influences hepatic glucose metabolism through
the transcriptional regulation of forkhead box Ol
(FoxO1). Under fed conditions, T3 modulates FoxO1
activity via coordinated sirtuin 1 (SIRT1) -mediated
deacetylation and Akt-dependent - phosphorylation,
facilitating FoxO1 nuclear export and degradation and
thereby
expression®***.  This

gluconeogenic gene
integrated  post-translational
regulation enables TH to restrain pathological hepatic
gluconeogenesis, a hallmark of insulin resistance in
MASLD.

Additionally, T3-induced phosphorylation of
GSK3B (Ser9) suppresses its kinase activity and
promotes hepatic glycogen synthesis!**?")
redirect acetyl-CoA away from de novo lipogenesis.

suppressing

, which may

However, whether these TH-mediated effects on

homeostasis  translate into  clinically

in MASLD

glucose
meaningful metabolic improvements
patients requires further investigation.

2.1.2 Classical hepatic lipid metabolism regulatory
networks

Targeting intrahepatic lipid accumulation, TH
exerts pleiotropic effects on lipid homeostasis through
both genomic (TRP transcriptional
regulation) and non-genomic (rapid signaling pathway
activation) mechanisms, encompassing suppression of
lipogenesis, enhancement of fatty acid oxidation, and
facilitation of lipid export.

Suppression of de novo lipogenesis. In MASLD,
insulin signaling dysregulation leads to excessive
activation of the transcription factor sterol regulatory
element-binding protein 1c (SREBP-1c¢), which drives

-mediated

the expression of key lipogenic genes including fatty
acid synthase (FASN) and acetyl-CoA carboxylase
(ACC) P, TH reduces hepatic lipogenesis through
coordinated ‘metabolic reprogramming rather than
direct transcriptional suppression of SREBP-1c. The
primary mechanism involves T3-mediated activation
of AMP-activated protein kinase (AMPK), which
catalyzes the inhibitory phosphorylation of ACC at
Ser79, thereby blocking conversion of acetyl-CoA to
malonyl-CoAP” ! Importantly, reduced malonyl-
CoA levels simultaneously relieve the allosteric
inhibition of carnitine palmitoyltransferase 1 (CPT1),
creating a metabolic switch that suppresses lipid
synthesis while promoting fatty acid oxidation.
Additionally, TRP -mediated enhancement of fatty
acid oxidation pathways creates a metabolic
environment that indirectly attenuates SREBP-lc-
mediated lipogenic gene expression through substrate
depletion and metabolic feedback signals!*”).
Enhancement of mitochondrial [ -oxidation.
Addressing the mitochondrial dysfunction commonly
observed in MASLD, TH significantly upregulates
peroxisome proliferator-activated receptor gamma
coactivator l-alpha (PGC-la) through direct TRf
-mediated transcription. This activation further
engages mitochondrial transcription factor A (TFAM)
and the deacetylases SIRT1/3, thereby promoting
expression of the rate-limiting enzyme CPT1 and
accelerating long-chain fatty acid entry into
mitochondria for oxidation*". Concurrently, AMPK
activation by TH enhances this pathway through non-
genomic mechanisms: by reducing malonyl-CoA
levels to relieve CPT1 allosteric inhibition, and by
promoting SIRT1/3 activity to improve mitochondrial

respiratory chain efficiency!”*?. This represents
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convergent regulation where genomic and non-
genomic pathways synergistically enhance fatty acid
oxidation to effectively ameliorate metabolic
dysfunction.

Facilitation of VLDL assembly and secretion.
Hepatic lipid export relies on the synergistic actions
of apolipoprotein B (ApoB) and microsomal
triglyceride transfer protein (MTP), processes often
impaired in MASLD"*. T3 induces expression of
both ApoB and MTP via TRP binding to thyroid
hormone response elements in their promoter regions,
promoting triglyceride packaging into nascent VLDL
particles and their subsequent secretion, thereby
reducing intrahepatic lipid burden®! (Figure 2).

2.1.3

interactions

Regulation of autophagy and organelle

Beyond classical nuclear receptor effects, TH
further reduces lipid droplet burden and stabilizes
organellar function through autophagy modulation
and potential effects on organelle crosstalk.

(1)Regulatory role in lipophagyDuring MASLD
sustained  mechanistic
(mTORCI)
suppresses autophagy initiation and exacerbates lipid
TH-mediated ~ AMPK
activation can inhibit mTORCI signaling, potentially
restoring autophagic  flux*”).  Given that late
endosomal/lysosomal adaptor, MAPK and mTOR
(LAMTORI1)  inhibition™®!  and
transcription factor EB (TFEB) activation*” have

progression, target  of

rapamycin  complex 1 activation

droplet  accumulation!*®),

activator 1

been shown to restore lipophagic flux in MASLD
models, and considering the established role of TH in
autophagy regulation'*® °***!, the TH - TFEB pathway
represents a mechanistically plausible therapeutic
target. Specifically, TH has been shown to activate
TFEB activity by
mTORC1™, thereby promoting lysosomal biogenesis

transcriptional inhibiting
and lipophagic flux. However, direct evidence linking
T3 to LAMTORI downregulation remains to be
established. Furthermore, detailed mechanistic studies
on TFEB nuclear translocation dynamics and its
regulation of adaptor protein (PLIN2/p62) interactions
in human hepatocytes require further validation. Such
validation should employ TFEB knockout models and
live-cell imaging approaches (Figure 2).

(2)Potential regulation of organellar contact
reticulum-

sitesDysregulation  of  endoplasmic

mitochondria contact sites (MCS) has been implicated

in altered lipid handling and may contribute to
endoplasmic reticulum (ER) stress in MASLDP*,
While TH improves mitochondrial function through
the SIRT1/PGC-lo. pathway”"*! and AMPK-
mediated mTORC1 inhibition may reduce ER
stress!*”), direct evidence for TH regulation of MCS
structural components or contact site dynamics
remains limited. The hypothesis that TH indirectly

stabilizes MCS by reducing oxidative stress and

improving  organellar  bioenergetics  requires
experimental validation.
(3)Evidence limitations and research

perspectivesCurrent evidence is primarily derived
from rodent models, with applicability to MASLD
patients species
differences and chronic exposure safety concerns.

facing challenges  including
Priority should be given to investigating TFEB
responsiveness in human primary hepatocytes,
validation  through liver-specific TFEB knockout
models, and clinical correlation analyses of TFEB
expression in MASLD patients, thereby providing the
theoretical ~ foundations  for = autophagy-targeted
therapeutic strategies.

Schematic overview of thyroid hormone -
mediated control of lipid metabolism,
lipogenesis,

assembly and

including
VLDL
autophagy-related

mitochondrial [ -oxidation,
secretion, and
pathways. TR, thyroid hormone receptor. FA, fatty
acid. VLDL, very-low-density lipoprotein. ApoB100,
apolipoprotein B100. MTP, microsomal triglyceride
transfer protein. mTORC1, mammalian target of
rapamycin complex 1. TFEB, transcription factor EB.
PGC-la, peroxisome proliferator-activated receptor
gamma coactivator l-alpha. PPARa, peroxisome
TFAM,
mitochondrial transcription factor A. SIRT1/3, sirtuin
1/3. CPT2, carnitine palmitoyltransferase 2. CACT,
carnitine -  acylcarnitine  translocase. TG,
triglycerides. AMPK, AMP-activated protein kinase.
ACC, CPT1,

palmitoyltransferase 1. SREBP-1c, sterol regulatory

proliferator-activated  receptor  alpha.

acetyl-CoA carboxylase. carnitine

element-binding protein lc.
2.2 MASH stage:
response and gut - liver axis alterations

sustained inflammatory

The MASH stage is characterized by immune
activation, inflammatory storms, and cell death. When
simple steatosis encounters "multiple hits" including
lipotoxicity and oxidative stress, the disease rapidly
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Fig.2 Molecular Mechanisms of TH Regulation in Hepatic Lipid Homeostasis

progresses to MASH. At this stage, TH functions not
only as a metabolic regulator but also as a pivotal anti-
inflammatory factor, demonstrating potential in

experimental models to suppress inflammatory
cascades by blocking pyroptotic pathways and
remodeling the gut - liver axis microenvironment.

2.2.1 NLRP3 inflammasome and pyroptosis
Aberrant activation of the nucleotide-binding
domain repeat and pyrin domain-
containing receptor 3 (NLRP3) inflammasome and
downstream gasdermin D (GSDMD) -mediated
pyroptosis constitute the core mechanisms driving
uncontrolled in MASHPY,  Under
lipotoxic stimuli, damaged hepatocytes release ROS
and mitochondrial DNA (mtDNA), which activates
the NLRP3 complex, leading to GSDMD cleavage,
plasma membrane rupture, and IL-1B/IL-18 release,
and thereby triggering immune cell infiltration®’>*],

leucine-rich

inflammation

Animal studies suggest that TH may modulate
this pathway through multiple steps: First, TH
potentially reduces reactive oxygen species (ROS)
NLRP3
mitophagy and upregulating PGC-1a-mediated SOD2
Second, TRp
downregulate NLRP3, apoptosis-associated speck-like

signaling  for activation by inducing

expression™ ", agonists  can
protein containing a caspase recruitment domain
(ASC), and caspase-1 expression while suppressing
interleukin-1  (IL-1P) although the
specific transcriptional regulatory mechanisms remain

release!®!"%,

unclear. Notably, current studies are primarily based

on acute inflammatory models, and their efficacy in

the chronic inflammatory environment of MASLD

requires further validation.

2.2.2 Gut - liver axis microenvironment regulation
Gut microbiota dysbiosis and intestinal barrier

disruption represent important external drivers of
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MASH
permeability resulting from tight junction disruption

progression®.  Increased intestinal

facilitates translocation of bacterial

lipopolysaccharide (LPS) into the liver via the portal
circulation, leading to Kupffer cell activation and pro-

release, tumor

[65]

inflammatory cytokine including
necrosis factor-o (TNF-a)

Potential interactions between TH and the gut
indicate that
reduced gut

diversity and an altered Firmicutes/

microbiota. Observational studies

hypothyroidism is associated with
microbial
Bacteroidetes ratiol®. Mechanistically, TH suppresses
cholesterol 7a-hydroxylase (CYP7A1) expression and
total bile acid

hepatocytes, which may indirectly influence the gut

reduces synthesis in human

microbiota
[67-68]

composition by altering bile acid

profiles Conversely, microbiota-derived short-
chain fatty acids (SCFAs) can modulate hepatic gene
expression through epigenetic mechanisms, including
histone deacetylase inhibition, and may thereby
influence hepatic TH signaling!®!. However, current
evidence is largely correlative, and whether TH-
mediated microbiota changes represent direct effects
or secondary consequences of metabolic improvement
remains unclear.

Evidence gaps. Although interventions such as
probiotics or fecal microbiota transplantation (FMT)
can improve microbiota composition and attenuate

7 no studies have directly

hepatic inflammation
demonstrated that TH-based interventions reverse
microbiota dysbiosis in MASH. Further mechanistic
and clinical studies are required to clarify causal
relationships within the TH - gut microbiota axis
(Figure 3).

2.3 Fibrosis stage: evidence related to HSC
functional state transitions

The fibrosis stage is characterized by hepatic
stellate cells (HSC) activation, excessive extracellular

matrix (ECM) deposition, and hepatic
microenvironment remodeling”".  When MASH-
associated inflammation persists chronically, the

hepatic microenvironment gradually transitions from
a metabolic stress and inflammation-dominated state
to a repair-scarring phenotype. Activation and

myofibroblastic transdifferentiation of quiescent
HSCs constitute the central events driving excessive
ECM deposition’”. The degree of hepatic fibrosis is

closely associated with adverse long-term outcomes in

patients with chronic liver disease,

decompensated

including
cirrhosis  and  hepatocellular
carcinoma, representing a critical watershed in disease
progression from relatively reversible to irreversible
stages'”*. TH and its receptors have been observed in
various experimental models to influence HSC
activation status. While TR mediates TH effects in
hepatocytes, recent evidence indicates that TRa is the
predominant isoform in HSCs and functions by
inhibiting transforming growth factor-beta (TGF- B)
signaling and fibrogenic activation'’> ™71,

2.3.1

transitions

Evidence related to HSC functional state

Hepatic fibrosis regression depends on the
resolution of activated HSCs through terminal fates
apoptosis,
quiescence! ">,

senescence, or reversion to
HSCs participate in
fibrosis regression through reduced ECM synthesis
capacity ~ and
phenotype (SASP) factor releas

such as
Senescent

senescence-associated
el73. 751

secretory
. However, the
associated inflammatory and tumorigenic risks require
careful evaluation.

Limitations of cross-organ studies. Currently,
TH-induced hepatic HSC
limited, with existing inferences

direct evidence for
senescence is
primarily derived from pulmonary fibrosis studies
fibrosis

where T3 attenuates primarily through

improving epithelial mitochondrial function and

n’¢! However,

modulating fibroblast activatio
pulmonary fibroblasts and HSCs exhibit significant
differences in vitamin A metabolism, sinusoidal
capillarization, and other functions, and the fibrotic
microenvironments of these two organs are markedly
distinct, precluding direct extrapolation.

Potential mechanisms and validation pathways.
Based on the metabolic regulatory effects of TH, we
hypothesize that it may influence HSCs through
several mechanisms, including ameliorating steatosis
to indirectly reduce profibrotic signals such as TGF-p,
affecting HSC metabolic reprogramming via AMPK/
PGC-1a, and directly regulating senescence genes via
TR-mediated transcription, with TRa likely being the
primary mediator given its predominance in HSCs.
Validation of these hypotheses requires determining
TRa and TRP expression levels in HSCs to clarify the
predominant isoform, assessing the effects of T3 on
senescence markers in primary HSCs, and evaluating

antifibrotic efficacy in HSC-specific TR knockout
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mice, with particular attention to TRa given its
predominance in HSCs.
2.3.2 TGF-B/SMAD signaling and ECM alterations
The transforming growth factor-beta (TGF- )/
SMAD family protein (TGF- B/SMAD) signaling
pathway is a key profibrotic mechanism maintaining
HSC activation status and sustained ECM deposition.
This pathway drives the transcription of fibrosis-
related genes including collagen type I alpha 1 chain
(Collal), collagen type III alpha 1 chain (Col3al),
and alpha-smooth muscle actin (a-SMA), a regulatory
pattern conserved across chronic liver injuries of
different etiologies®*!!. Multiple in vitro experiments
and animal studies suggest that T3 may functionally
interact with TGF-B/SMAD signaling axis via TRp. In
these models, T3 SMAD?2/3
phosphorylation levels, accompanied by attenuated
TGF-B-induced ECM gene transcriptional activity™,
Furthermore, in various experimental fibrosis models,
T3 intervention leads to reduced tissue scarring. It
should be noted that these findings primarily derive
from animal models and in vitro studies, and their
relevance to MASLD-associated hepatic fibrosis
requires further investigation (Figure 3).
24 HCC  stage: TH/TRP
dysregulation and tumor progression
When MASLD progresses to the hepatocellular
carcinoma (HCC) stage, the TH/TRp signaling axis
undergoes Although
observational studies suggest a potential association
between hypothyroidism and elevated HCC risk,
causal relationships remain unclear®*. “At the
molecular level, downregulated TR expression and
attenuated TH signaling activity in HCC tissues have
been widely observed, and this "tumor-associated

treatment reduces

signaling

functional  dysregulation.

hypothyroid" state may contribute to tumor
progression by promoting metabolic
reprogramming™®”.
24.1 Intratumoral TH signaling disruption:
synergistic dysregulation of TR} and DIO1

HCC tissues exhibit concurrent alterations

characterized by downregulated TR} expression and
diminished DIO1 activity®*. TRB downregulation
may be associated with promoter methylation,
upregulation of transcriptional repressors, or receptor
mutations.  Meanwhile,  significantly
expression and activity of DIO1, which primarily
catalyzes the outer ring deiodination of T4 to produce

reduced

active T3, leads to decreased T3 bioavailability within
Notably,
dynamic changes across the MASLD spectrum, with

tumor tissues. DIO expression shows
initial compensatory upregulation in early stages
followed by progressive downregulation during
MASH and HCC development™. This biphasic
pattern and its specific relationship with MASH-HCC
progression further

synergistic dysregulation of receptors and metabolic

require investigation.  This
enzymes collectively impairs intracellular TH signal
transduction in tumor cells, establishing a foundation
for metabolic reprogramming.

Overview of thyroid hormone (TH) - mediated
regulation of hepatic metabolism, inflammation,

fibrogenesis, and tumor-associated = metabolic
reprogramming across the MASLD disease spectrum,
from steatosis to hepatocellular carcinoma. TRa/j,
thyroid hormone receptors alpha and beta; IRS,
insulin receptor substrate; PI3K, phosphatidylinositol

3-kinase; Akt, protein kinase B; AMPK, AMP-

activated protein kinase; =~ PPARa, peroxisome
proliferator-activated receptor —alpha; SREBP-Ic,
sterol regulatory element-binding protein-1c; VLDL,
very-low-density lipoprotein; ApoB100,

apolipoprotein B100; MTP, microsomal triglyceride
transfer protein; ROS, reactive oxygen species;
mtDNA, mitochondrial DNA; NLRP3, NOD-like
receptor family pyrin domain-containing 3; GSDMD,
gasdermin D; IL, interleukin (including IL-1f and IL-
18); TNF- a, tumor necrosis factor-alpha; LPS,
lipopolysaccharide; ZO-1, zonula occludens-1; TGF-
B, transforming growth factor-beta; SMAD, mothers
against decapentaplegic homologs; HSC, hepatic
stellate cell; ECM, extracellular matrix; o -SMA,
alpha-smooth muscle actin; TFEB, transcription factor
EB; mTORCI1, mechanistic target of rapamycin
complex 1; DIOI, iodothyronine deiodinase 1; SASP,
senescence-associated secretory phenotype.
2.4.2 Metabolic reprogramming and therapeutic
resistance

Attenuated TH signaling plays a pivotal role in
metabolic reprogramming in HCC. This process is
characterized by mitochondrial dysfunction, including
the downregulation of genes such as PGC-lo and
reduced mitochondrial number, impaired oxidative
(OXPHOS) due to
respiratory chain complex expression and OXPHOS

phosphorylation decreased

efficiency, enhanced glycolysis marked by
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Fig. 3 The multidimensional regulatory network of TH during the progression of the MASLD disease spectrum

upregulation of rate-limiting enzymes such as
hexokinase 2 (HK2) and lactate dehydrogenase A
(LDHA), consistent with the Warburg effect, and
reduced cellular differentiation associated with
downregulation of hepatocyte nuclear factor 4 alpha
(HNF4a) and increased tumor aggressiveness® %%,
This metabolic reprogramming may be associated
with therapeutic resistance, as similar metabolic
phenotypes have been linked to reduced sorafenib
sensitivity in preclinical models. Furthermore, TR]
signaling deficiency may contribute to enhanced

tumor invasiveness, potentially through modulation of

the epithelial-mesenchymal transition and related
invasiveness pathways™. Given that the TRp agonist
Resmetirom has been approved for MASH treatment,
it may theoretically reduce HCC incidence risk in
MASH patients by improving metabolic homeostasis.
However, this long-term benefit currently lacks
prospective evidence.

In summary, in-depth understanding of the
"tumor-associated hypothyroid" phenomenon
specifically in MASH-HCC will provide critical
developing TH signaling-based
prevention and therapeutic strategies (Figure 3).

foundations for
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3 Diagnostic significance of
function indices in MASLD

thyroid

3.1 Association between conventional thyroid
function indices and MASLD

Clinically, overt hypothyroidism manifests as
elevated TSH with reduced free thyroxine (FT4),
while subclinical hypothyroidism (SCH) presents as
elevated TSH with normal FT4P". Hyperthyroidism
manifests as decreased TSH with elevated FT4 and/or
(FT3) P4 Multiple
suggest that thyroid
dysfunction correlates with MASLD occurrence and
severity. Both overt hypothyroidism and SCH are
associated with increased MASLD incidence risk!® **.

free triitodothyronine

epidemiological  studies

Even within euthyroid populations, FT4 in the low-
normal range or TSH in the high-normal range

steatosis  risk,
[94]

correlates with elevated hepatic
potentially reflecting early metabolic abnormalities
3.2 Stage—specific thyroid function changes and
sensitivity indices

Thyroid function indices exhibit variations
across the MASLD spectrum. Elevated TSH is more
commonly observed in simple steatosis’””). MASH is
associated with reduced FT3 and impaired thyroid

[95]

hormone sensitivity In patients with hepatic

fibrosis, lower FT3 levels and related sensitivity

indices demonstrate a graded correlation with fibrosis

[95-96]

severity and adverse outcomes , suggesting that

thyroid function parameters may hold potential

prognostic value in MASLD staging and risk
assessment.

In recent years, composite indices reflecting
thyroid hormone sensitivity, such as the FT3/FT4
ratio, thyroid feedback quantile-based index (TFQI),
and thyroid-stimulating hormone index (TSHI), have
These

peripheral

garnered  increasing  attention. indices

comprehensively  reflect hormone
conversion efficiency and central-peripheral feedback
regulatory status. Emerging evidence demonstrates
that impaired thyroid hormone sensitivity, as assessed
by these
associated with the presence and severity of hepatic
fibrosis in euthyroid MASLD patients. Studies have

shown that reduced central

composite indices, is independently

sensitivity to FT3
correlates with MASLD progression to liver
fibrosis®, while elevated TFQI and TSHI values
exhibit graded associations with advanced fibrosis
stages'’”*]. These indices demonstrate a potential for
stronger risk discrimination capacity compared to

[96-98]

conventional thyroid parameters , reflecting the

limitations of conventional thyroid function tests and

the importance of tissue-level thyroid hormone

[99]

availability in MASLD progression"’, which may

provide quantitative tools for assessing "intrahepatic
relative

thyroid hormone insufficiency"  and

identifying patients at higher risk for disease

progression (Table 1).

Table 1 Biological significance and potential clinical utility of TH-related indicators across different stages of MASLD

Indicator Biological significance Association with MASLD Disease stage Clinical utility References
_— Central thyroid axis status; Elevated TSH linked to higher MASLD Steatosis to Risk assessment; identifica- s, 93]
hypothyroid tendency risk and severity MASH tion of thyroid dysfunction
FT4 Circulating; TH supply Lower FT4 linked to higher steatosis risk Steatosis Early indicator of low TH status (o4, 991
. Decreased FT3 linked to advanced fibrosis MASH to fibro- ~Auxiliary marker for fibrosis [95.96]
FT3 Active TH output o i i 9596
and poor outcomes sis/cirrhosis severity
FT3/ ) . Peripheral deiodinase activity marker ) )
Peripheral TH conversion effi- o . . . Understanding metabolic adap- [96.95]
FT4ra- o ~ linked to metabolic risk and fibrosis severi- Entire spectrum i ) 96-98
. ciency and deiodinase activity tation and decompensation
tio ty

TFQI, Central-peripheral TH feed-
TSHI back and sensitivity sis

Elevated indices trend with increased fibro-

Under investi-
o Exploratory marker for hetero- [96.98]
gation n 7

geneity and treatment response
MASLD

Notes: FT3, free triiodothyronine. FT4, free thyroxine. TFQI, thyroid feedback quantile-based index. TSH, thyroid-stimulating hormone.

TSHI, thyroid-stimulating hormone index. TH, thyroid hormone. MASLD, metabolic dysfunction - associated steatotic liver disease.

MASH, metabolic dysfunction - associated steatohepatitis.
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3.3 Limitations of the current evidence and
future research directions

However, current evidence has several
limitations. First, most studies are cross-sectional,
limiting causal inference. Second, the association
between TSH and hepatic steatosis shows ethnic
heterogeneity. Thresholds may differ between Asian
and Western populations, yet large-scale prospective
validation in diverse populations is lacking. Third,
whether serum TH levels accurately reflect
intrahepatic TH signaling remains controversial, as
individual variability in hepatic deiodinase activity,
which is influenced by genetic and metabolic factors,
may cause dissociation between circulating markers
While

sensitivity indices may partially address the issue of

and local biological -effects. composite
serum-hepatic dissociation, they lack standardized
reference ranges and
MASLD stages.

Therefore, before clinical implementation, future

require validation across

research should prioritize prospective cohort studies
to establish causality, multi-ethnic validation of
reference ranges, mechanistic studies that integrate
serum biomarkers with hepatic tissue assessment, and
thyroid-targeted

therapies, including thyroid hormone replacement and

intervention  trials = evaluating

TRp-selective agonists, for MASLD-related outcomes.

4 Therapeutic strategies targeting the TH
pathway

4.1 Development of the TR} agonists

Owing to the important role of TRP in regulating
hepatic lipid metabolism, maintaining mitochondrial
function, and promoting cholesterol clearance,
therapeutic strategies targeting TRP have long been
MASLD/

early non-selective thyroid

considered
MASH!"L,
hormone analogs (e. g., Eprotirome) also activated

promising  for  treating

However,

TRa, which is widely expressed in multiple tissues
including the heart, bone, and skeletal muscle, leading
to cardiovascular and bone metabolism-related
adverse effects in clinical studies, which limited
further development of these agents!'®). These
experiences prompted a shift in the development of
next-generation TRP agonists, focusing on improving
TR selectivity and enhancing hepatic targeting and
first-pass extraction (e. g., Resmetirom, VK2809) to

achieve relatively liver-targeted action while reducing

systemic exposure risk!'**'*

. This strategy reflects
the gradual evolution of TH pathway-targeted therapy
from broad systemic effects toward organ-selective
intervention!'* .

4.2 Phase III clinical trials of resmetirom:
efficacy and metabolic improvement

Resmetirom is an oral, liver-targeted TR agonist
approved for adults with non-cirrhotic MASH and
moderate-to-severe  fibrosis” ', In the Phase III
MAESTRO-NASH randomized controlled trial, after
52 weeks of Resmetirom treatment, a proportion of
patients achieved MASH resolution without fibrosis
progression, or improvement in fibrosis stage from
baseline, at rates higher than the placebo group!'** %,
Beyond histological endpoints, the drug significantly
improved lipid metabolism parameters (marked
reductions in LDL-C, triglycerides, and ApoB)!'* %],
HbAlc levels remained relatively stable in patients
with T2DM during the 52-week trial period. However,
the trial did not include specific measures for
assessing systemic insulin sensitivity (e. g., clamp
techniques), thus precluding definitive conclusions
regarding direct effects on extrahepatic insulin
resistance. Given its liver-selective design, systemic
metabolic. improvements are more likely indirect
consequences of restored hepatic function.

4.3 Safety profile and target population

Based on current clinical evidence, resmetirom is
indicated primarily for adults with non-cirrhotic
MASH and moderate-to-severe fibrosis (F2 - F3
stage)”). Subgroup analyses from MAESTRO-NASH
demonstrated consistent efficacy across
metabolic phenotypes, with similar rates of MASH
resolution and fibrosis improvement regardless of
comorbid diabetes, dyslipidemia, or the concurrent
use of glucose-lowering therapies. While patients with
these comorbidities typically presented with more
advanced metabolic  dysfunction and higher
cardiovascular risk at baseline, the lipid-lowering
effects of resmetirom remained beneficial across all
subgroups, though long-term cardiovascular outcome
data are still awaited.

Regarding safety, clinical trial data indicate that
resmetirom is generally well tolerated. Common
adverse effects include diarrhea and nausea, typically
occurring early in treatment and mostly mild to
{105] drug-drug
interactions should be considered in clinical practice.

diverse

moderate in  severity Potential
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As Resmetirom is primarily metabolized via the
CYP2C8 pathway, co-administration with strong
CYP2CS8 inhibitors (e. g., gemfibrozil) should be
avoided. Additionally, wuse in patients with
decompensated cirrhosis (Child - Pugh B/C) is
currently not recommended due to insufficient safety
data and significantly increased drug exposure!”’.
Ongoing cardiovascular safety considerations.
Although Resmetirom is designed to be liver-
selective, participants in the MAESTRO trial were
predominantly middle-aged individuals with multiple
cardiometabolic risk factors (67% with type 2
diabetes, 78%
dyslipidemia) and intermediate cardiovascular risk
(estimated 10-year ASCVD risk ~14% - 15%), and

follow-up duration was relatively limited at 52
[102]

with  hypertension, 71% with

weeks'"~. Notably, trial data showed no adverse
effects on heart rate, blood pressure, or arrhythmias,
with major adverse cardiovascular events (MACE)
occurring at similarly low rates across all groups
(0.3% in each).

In real-world settings, patients with MASLD
frequently have comorbid cardiovascular disease and
higher risk profiles. While the high THR-f selectivity
of resmetirom is designed to minimize cardiac THR-a
-mediated effects such as tachycardia or arrhythmias,
and its LDL-C reduction (13% - 16%) may confer
protective effects, the net cardiovascular impact in
higher-risk populations requires validation through
dedicated cardiovascular outcomes trials with longer
follow-up.

4.4 Real-world application experience

Real-world studies have revealed practical

challenges in the clinical application of resmetirom.
Regarding patient selection, a - biopsy-validated
MASLD cohort study from Turkey found that non-
invasive tests struggled to precisely identify patients
meeting treatment criteria for significant fibrosis!'®.,
Similarly, a German steatotic liver disease registry
study showed that the proportion of patients actually
criteria was lower than

meeting  treatment

expected'””.  For monitoring tools, vibration-

controlled transient elastography and magnetic

good
concordance in MASLD fibrosis staging, providing a

resonance elastography demonstrated

reliable basis for non-invasive monitoring!'™. A
Spanish Hepamet registry study further proposed non-
invasive criteria for pharmacotherapy indications in

[109]

clinical practice Regarding early application

experience, real-world data from the United States
showed that Resmetirom was well tolerated!'”.
However, challenges such as drug accessibility remain
significant barriers!'®. Given the current lack of long-
term follow-up data beyond one year'!! there is a
establish
monitoring  protocols  and

need to standardized  non-invasive

long-term  efficacy

assessment systems.

4.5 Exploration of combination therapy strategies
The development and progression of MASH

involves multiple metabolic and inflammatory
pathways, making single-target interventions unlikely
to fully address its complex pathological processes.
Studies have shown that VK2809, a highly selective
TRP agonist, significantly reduced hepatic fat content
in a Phase 2 randomized, placebo-controlled trial''%.
of MASH supports

with other metabolic-

The multifactorial nature
combining TR agonists
modulating agents (e. g., GLP-1 receptor agonists or
FGF21 analogs), thus representing a
therapeutic strategy!''*. While direct evidence for
such TR agonist-based combination therapy is
currently limited, the potential for synergistic effects
is supported by the complementary mechanisms of
these agents in addressing distinct metabolic pathways
and the crosstalk between thyroid hormone, GLP-1,
and FGF21 signaling""*!. Rigorous preclinical and

rational

clinical studies are needed to evaluate the efficacy and
safety of these combination regimens, particularly
regarding their impact on fibrosis reversal and long-
term clinical outcomes (Table 2).

5 Limitations of current research

Despite accumulating evidence supporting a
regulatory role of thyroid hormones in MASLD,
Species
differences between humans and rodents, particularly

several important limitations remain.
in hepatic deiodinase expression patterns (notably
DIO1 activity) and TRp isoform distribution, may
limit the translational relevance of preclinical efficacy
and safety data. Long-term safety also remains
uncertain, as although Phase 3 trials of 52 - 54 weeks
have demonstrated acceptable cardiac function and
thyroid axis safety, extended follow-up is required to
assess bone health, especially fracture risk, and
cardiovascular outcomes in high-risk populations that
are underrepresented in clinical trials. Moreover,

serum thyroid hormone levels may not accurately
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Table 2 Clinical profile, target population, and safety landscape of resmetirom.
Feature Key content Clinical significance References
MASH resolution and fibrosis improvement versus placebo; favorable Improves hepatic histology and metabolic [ ;
Core efficacy o - 102,105, 114
lipid effects abnormalities
Target popula-  Adults with non-cirrhotic MASH and moderate-to-severe fibrosis (F2- o [o]
) FDA-approved indication ?
tion F3)
Contraindicated ) . ) [o]
. Decompensated cirrhosis  (Child - Pugh B/C) Lack of safety data
population
Saf Common mild - moderate diarrhea/nausea and avoid strong CYP2C8 in- Well tolerated; long-term CV safety not [s, 105]
afety s

hibitors

Safety consistent with registration trials; noninvasive markers show

Real-world data

improvement; patient selection remains challenging

Current limita- Lack of long-term (>1 year) data

tions Limited drug accessibility

fully established

Supports clinical feasibility; standardized [106, 1091

monitoring protocols needed

Long-term efficacy evaluation and opti- [i0o, 111]

mized application strategies required

Notes: FDA, Food and Drug Administration. MASH, metabolic dysfunction-associated steatohepatitis. CYP2C8, cytochrome P450 2C8. F2,

fibrosis stage 2. F3, fibrosis stage 3. CV, cardiovascular.

reflect intrahepatic thyroid signaling status, since
local T3 concentrations are tightly regulated by
deiodinases such as DIO1 and DIO3 and may not
correlate with circulating levels. The absence of
validated biomarkers predicting responsiveness to
TRP agonists further limits patient stratification and
personalized approaches. In addition,
mechanistic understanding of cell-type-specific and

treatment

zonated hepatic responses to TR activation remains
incomplete, hindering the optimization of therapeutic
strategies, and potential interactions between TH-
based therapies and common MASLD comorbidities,
including type 2 diabetes and cardiovascular disease,
require further investigation to better inform clinical
management.

6 Conclusions and future perspectives

The progression of MASLD involves a complex,
pathophysiology.  This
systematically elucidates how the TH/TRP signaling

multifactorial review
axis regulates the entire disease spectrum: from lipid
metabolism and mitochondrial function in steatosis,
through inflammatory modulation and gut barrier
maintenance in MASH, to hepatic stellate cell fate
determination and ECM remodeling in fibrosis, and
ultimately to the tumor microenvironment in HCC.
The approval of Resmetirom marks an important step
in translating these mechanistic insights into clinical
practice.

To realize the full therapeutic potential of TH-
targeted therapy, three key areas require further
investigation. First, mechanistic precision is needed.

Understanding how TH signaling differs across
hepatic cell types (hepatocytes, HSCs, Kupfter cells)
and lobular zones (periportal versus pericentral) will
explain why patients with normal serum TSH may
exhibit intrahepatic hypothyroidism. Single-cell and
spatial transcriptomic approaches will be instrumental
in addressing these questions.

Second, predictive biomarkers must be
identified. Integrating genomic markers (THRB and
DIO1

(baseline

polymorphisms),  metabolomic
fatty

phenotypes could enable the development of response

profiles

acid signatures), and clinical
prediction models that identify patients most likely to
benefit. Concurrently, long-term safety monitoring in
underrepresented populations, including pediatric,

elderly, and those with cardiovascular comorbidities

groups—is essential to comprehensively assess
adverse event risks.
Third, the development of next-generation

therapeutics should advance on multiple fronts:
enhancing liver selectivity through prodrug design or
hepatotropic  ligands. Developing TRp1-selective
molecules with minimal TRP2 activity to reduce
pituitary suppression, and establishing evidence-based
combination regimens with GLP-1RAs and FXR
agonists to achieve synergistic effects should be
prioritized.

As these challenges are addressed, TH-targeted
MASLD therapy will transition from empirical
treatment to biomarker-guided precision medicine,
offering more effective solutions for this pressing
global health burden.
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