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Abstract: Metabolic dysfunction-associated steatotic liver disease (MASLD) has emerged as the most prevalent chronic liver disease 
worldwide, but there has long been a lack of effective therapeutic drugs. Thyroid hormone (TH) and its receptor THR-β play pivotal 
roles in hepatic metabolism, positioning THR-β as a promising therapeutic target for MASLD. Notably, Resmetirom, a selective THR- 
β agonist, gained FDA approval in 2024 for MASLD treatment, and several other THR-β agonists are currently undergoing preclinical 
or clinical studies. While these agents demonstrate effective in alleviating hepatic steatosis, inflammation, and fibrosis in MASLD, the 
disease heterogeneity and drugs’ adverse reactions remain key challenges. Therefore, further research is necessary to comprehensively 
assess their clinical efficacy and safety. This review summarizes the mechanisms by which TH/THR-β influences MASLD and recent 
advances in THR-β-targeted pharmacotherapy, aiming to enhance understanding of its therapeutic potential and promote drug 
development and clinical applications. 
Keywords: thyroid hormone, thyroid hormone receptor-β, agonist, metabolic dysfunction-associated steatotic liver disease, metabolic 
dysfunction-associated steatohepatitis

Introduction
Metabolic dysfunction-associated steatotic liver disease (MASLD), previously named non-alcoholic fatty liver disease 
(NAFLD), is referred to liver manifestation of systemic metabolic symptom and has become the most prevalent chronic 
liver disease worldwide. A 2022 systematic meta-analysis reported a global prevalence of 32.4% (incidence: 46.9/ 
1000 person-years).1 China is predicted to have 314 million MASLD cases by 2030.2 The disease spectrum ranges from 
simple steatosis to advanced metabolic dysfunction-associated steatohepatitis (MASH).3 The latter accounts for 10–30% 
of MASLD incidences and may progress to liver fibrosis, cirrhosis, and hepatocellular carcinoma.4 Notably, 15–25% of 
MASH patients develop fibrosis or cirrhosis within 10–15 years.5

The pathophysiology of MASLD involves complex network interactions among diverse cell types and signaling pathways. 
Initially explained by the “Two-hit” hypothesis,6 current understanding has evolved to the “Multiple parallel hits” model. 
Multiple factors including insulin resistance, imbalance of energy metabolism, lipotoxicity, dietary influences, gut microbiota, 
and genetic and epigenetic factors, inflammatory response, et al, jointly contribute to MASLD development.7

The complexity of the pathological mechanism challenges MASLD treatment. In the last decades, pharmaceutical develop
ment for MASLD/MASH has become a major research focus. As of 2024, about 700 investigational agents are in global 
pipelines, primarily consisting of small molecule compounds. Key therapeutic targets include Farnesoid X Receptor (FXR), 
glucagon-like peptide-1 (GLP-1), fibroblast growth factor (FGF), peroxisome proliferator-activated receptors (PPARs),8 and 
some emerging targets like iodothyronine deiodinase (DIO) 3, and thyroid hormone receptor-β (THR-β).9 However, up to now, 
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only two drugs have been approved by the US Food and medicine Administration (FDA) for MASH treatment: the GLP-1 
agonist semaglutide 3 and the THR-β agonist resmetirom, representing landmark breakthroughs in MASLD management.

This review summarizes the mechanisms and recent advancements of THR-β-targeted pharmacotherapy for MASLD, 
evaluating its therapeutic potential alongside existing challenges, with the aim of accelerating drug development and 
clinical applications.

Association Between Thyroid Hormone (TH), THR and MASLD
Action Pathway of TH/THR
TH is essential for organ development and metabolic homeostasis. Thyroid gland produces three kinds of hormones 
derived from tyrosine, 90% of them are tetraiodothyronine (T4), 9% are triiodothyronine (T3), and 1% are reverse 
triiodothyronine (rT3). Despite T4 being the predominant secretion, T3 exhibits fivefold more activity than T4 with 
a higher affinity for binding to THRs than T4. The minimal amount of rT3 is inactive.10 TH production is regulated by 
the hypothalamus–pituitary–thyroid (HPT) axis. The hypothalamus secretes thyrotropin-releasing hormone (TRH), which 
prompts the pituitary gland to release thyroid-stimulating hormone (TSH). Subsequently, TSH stimulates the thyroid 
gland to synthesize and release T4 and T3 into blood circulation. Concurrently, the release of TRH and TSH can be 
inhibited when TH reaches a higher concentration, establishing a negative feedback.10,11

TH is a lipophilic hormone, enabling it to traverse cell and nuclear membranes. Thus, T3 can directly access the 
nucleus, T4 can penetrate cytoplasm membrane and be transformed into T3 prior to nuclear entry.12 The TH transforma
tion is governed by iodothyronine deiodinase (DIO), comprising DIO1, DIO2, and DIO3, which vary in their catalytic 
characteristics and tissue localization.13 DIO1 is expressed in thyroid, liver, and kidney, and facilitates the deiodination of 
both the phenol and tyrosine rings of T4. DIO2 exclusively catalyzes the deiodination of the phenol ring of T4, thereby 
contributing to T3 production in central nervous system, thyroid, skeletal muscle, and brown adipose tissues.14 DIO3 
facilitates the deiodination of the tyrosine ring and is predominantly expressed in brain, placenta, and pancreas. It can 
inactivate T3, inhibit T4 activation, and convert T4 into rT3, serving as a physiological termination factor for TH 
activity.15 Importantly, in the context of MASLD, hepatic DIO3 expression and activity are significantly upregulated, 
a process triggered by oxidative stress and inflammation, which in turn leads to diminished local T3 levels and 
contributes to mitochondrial dysfunction and disease progression. Furthermore, therapeutic interventions such as 
ornithine aspartate have been shown to ameliorate MASLD in part by normalizing the aberrantly high expression and 
activity of DIO3, thereby restoring T3-mediated signaling and improving hepatic metabolism.9,16

By promoting the expression and nuclear translocation of intermediate factors like nuclear respiratory factor 1 and 2 
(NRF1 and NRF2) to facilitate mitochondrial DNA (mtDNA) maintenance/transcription, mediating expression of the 
transcriptional coactivator peroxisome proliferator-activated receptor-gamma coactivator-1 α (PGC-1α), and stimulating 
mitochondrial protein synthesis via its mitochondrial matrix receptor p43, T3 orchestrates key transcriptional programs 
that drive mitochondrial function, including substrate oxidation, carbohydrate/lipid catabolism, increased the tricar
boxylic acid cycle flux, and stimulation of mitochondrial respiration and oxidative phosphorylation.17

The regulation of target gene expression by T3 requires THR mediation.18 THR belongs to the superfamily of nuclear 
receptors, which are critical for development and homeostasis and major drug targets due to their involvement in some 
diseases like diabetes and obesity.19 These superfamily members generally contain a highly conserved DNA-binding domain 
to recognize highly similar DNA motifs, and a ligand-binding domain to bind natural ligands or xenobiotics.20 THR typically 
categorized into two subtypes: THR-α, predominantly expressed in cardiac and skeletal muscles, and THR-β, primarily 
expressed in liver, brain, and kidneys.21 The local availability and effect of TH varies among organs and cell types, potentially 
attributable to gating mechanisms including distinct TH-specific transporters like monocarboxylate transporter 8 (MCT8) for 
absorption, intracellular DIOs for TH conversion, and expression of THR subtype.22 In liver, DIO1 and THR-β are primarily 
involved in the regulation mechanism, while the role of various TH transporters remains ambiguous according to current 
studies.23 THR-β is the predominant isoform in hepatocytes. A study analyzing gene expression data related to TH uptake, 
conversion, and action in liver biopsy specimens indicated that THR-β expression correlated with serum triglycerides (TG) 
and glycosylated hemoglobin (HbA1c).24 Furthermore, THR-β was correlated with the severity of MASLD patients.
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There are two principal pathways by which TH exerts regulatory effects through THR mediation (Figure 1). The first one 
is the classical pathway. Upon entry into nucleus, T3 associates with THR to create a hormone-receptor complex. THR 
subsequently undergoes polymerization to form either a homodimer or a heterodimer with the retinoic acid X receptor (RXR) 
in the nucleus. In the absence of TH, THR attaches to thyroid hormone response elements (TREs) in T3 target genes to 
repress their expression.25 Once the dimer formation, the co-repressor factors that were previously associated with THR and 
RXR separate, resulting in the activation of silent genes, which subsequently regulates the expression of target genes, and 
ultimately results in a number of biological effects.10,26 This regulatory mechanism, mediated through binding to TREs and 
directly orchestrating transcriptional programs, is classified as type 1 signaling pathway. The second one is the non-classical 
pathway, also called type 3 signaling pathway, that includes DNA/TRE-independent TR action, such as the phosphatidyli
nositol 3-kinase (PI3K) pathway signaling pathway, which is activated of intracellular signaling cascades. T3/THR exert 
physiological effect through activating the second messenger signaling pathway within cytoplasm. Negin P Martin et al 
discovered that in most Chinese hamster ovary cells in T3-free serum, over 50% of THR resided in the cytoplasm and 
functioned directly via PI3K pathway without binding DNA.27 G. Sebastian Hönes et al conducted experiment with TR 
knockout mice and demonstrating that the non-classical pathway can activate the PI3K signaling pathway via THR-β to 
modulate energy balance, blood glucose and triglyceride levels in mice.28

Correlation Between TH/THR Abnormalities and MASLD
The impact of TH on lipid metabolism was recorded over 130 years ago. In the 1930s, through measuring the lipid profiles, 
researchers discovered that serum total cholesterol (TC) and low-density lipoprotein cholesterol (LDL-c) were diminished in 
hyperthyroid patients, whereas they were elevated in those with subclinical and clinical hypothyroidism.29 Concurrently, 
serum triglyceride (TG) concentrations in hypothyroid patients were notably elevated, which could remain within normal 

Figure 1 Action pathway of TH/THR.
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range when TH levels were restored. Subsequent investigations have validated that aberrant TH levels might facilitate the 
onset and progression of metabolic disorders, including MASLD and hyperlipidemia.30 The reduction in T3 and T4 levels can 
diminish the enzyme activities associated with liver lipid metabolism, leading to impaired hepatic lipid clearance.31 A meta- 
analysis of cross-sectional and longitudinal studies indicated that, irrespective of different diagnostic criteria, there is 
a correlation between hypothyroidism and an elevated risk of MASLD, independent of prevalent metabolic risk factors.32 

Researches also proved TH insufficiency could lead to liver diseases, ranging from liver steatosis to hepatocellular carcinoma 
(HCC).33 This was confirmed by epidemiological studies, which found that chronic hypothyroidism was positively associated 
with the occurrence rate of NAFLD and HCC, independent of other risk factors.34

A recent study investigated the association between TH sensitivity and fibrosis in MASLD. This study comprised 129 
patients exhibiting normal thyroid function and biopsy-verified MASLD. Indicators of TH sensitivity were calculated. By 
using logistic regression, it was determined that, even after adjustment of gender, age, and metabolic parameters, T3 
levels remained independently correlated with the advancement of liver fibrosis. Nevertheless, the causal relationship 
remained ambiguous.35 The study by Chung Ge et al indicated that individuals with loss-of-function mutations in THR-β 
gene have an elevated risk of TH resistance.36 Concurrently, Chaves et al discovered that these individuals also had 
a higher risk of hepatosteatosis.37 To elucidate the function of THR in lipid homeostasis, Araki et al created gene mutant 
mice with specific suppression of THR-α and THR-β. The findings indicated that mice with various THR mutations 
presented distinct metabolic consequences.38 In comparison to THR-α-inhibited mice, THR-β-inhibited mice exhibited 
elevated blood level of free fatty acids and TG, alongside excessive hepatic lipid deposition.

Regulatory Function of TH/THR-β Related to MASLD
The processes such as liver lipid and glucose metabolism, inflammatory response and fibrosis are closely contributed to 
MASLD development, and TH/THR- β has a significant regulatory effect on these processes. Researches indicate that 
TH and THR-β participate in the regulation of glycolysis, gluconeogenesis, glycogen synthesis, glycogenolysis, fatty acid 
uptake, lipid synthesis, lipid β-oxidation, mitochondrial autophagy and cholesterol synthesis.18,31

Regulation of Lipid Metabolism
Sterol regulatory element-binding protein-1c (SREBP-1c) is a major regulatory factor in fatty acid metabolism, playing 
a crucial role in transcriptional regulation of lipid synthesis genes. TH mediates its effect through TREs, which are 
repeats of a half-site consensus motif ((A/G)GG(T/A)CA),39 and functioned as a positive TRE (pTRE).40 Koshi 
Hashimoto et al demonstrated that the THR-β/RXR heterodimer binds to the novel negative TRE (nTRE) Site2 
(GCCTGACAGGTGAAATCGGC), triggering transcriptional repression of SREBP-1c mRNA. This process enables 
T3 to negatively modulate the transcription of the SREBP-1c gene, consequently suppressing hepatic lipogenesis.41 

Carnitine palmitoyltransferase-1 (CPT-1) influences the rate of fatty acid oxidation. Experiments have shown that THR-β 
interacts with TRE in the CPT-1α promoter, resulting in the upregulation of CPT-1 levels and the enhancement of fatty 
acid oxidation.42 THR-β can also interact with peroxisome proliferator-activated receptor α (PPARα), activate secondary 
transcription factors including FOXO1, promote autophagy and enhance β-oxidation of fatty acids.43 Sinha et al 
examined the impact of TH on cell death induced by palmitic acid (PA), and found that T3 can revert PA-induced 
lipotoxic injury via THR-β-mediated lipophagy and β-oxidation of fatty acids.44

A study revealed that LDL-c exhibited a significant correlation with proprotein convertase subtilisin/kexin type 9 
(PCSK9).45 TH can diminish the PCSK9 level in circulation through its interaction with THR-β, consequently lowering 
LDL-c and alleviating lipid accumulation in liver. Moreover, researchers have discovered that a key hepatic metabolic 
regulator, fibroblast growth factor 21 (FGF21), is intricately associated with THR-β, RXR, and PPARα. Targeting THRβ 
with specific agonists represents a promising therapeutic strategy, as it induces FGF21 to stimulate insulin sensitivity, 
lipolysis and hepatic fatty acid oxidation.46

Regulation of Glycometabolism
TH is a crucial regulator of hepatic gluconeogenesis. It can stimulate the transcription of the essential gluconeogenic 
gene phosphoenolpyruvate carboxykinase (PCK1), which facilitates the conversion of pyruvate to phosphoenolpyruvate, 
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a critical and tightly controlled phase in gluconeogenesis. TH also stimulates the transcriptional activation of glucose- 
6-phosphatase (G6PC), which facilitates the final phase of gluconeogenesis by converting glucose-6-phosphate into 
glucose.47 Sirtuin 1 (SIRT1) is a nuclear deacetylase that modulates lipid and glucose metabolism while augmenting 
mitochondrial function, hence conferring resistance to metabolic disorders.48 It has been revealed that TH promotes the 
transcription of PCK1 and G6PC genes via SIRT1-dependent deacetylation of FOXO1, which subsequently binds to the 
insulin response element in these gene promoters, activating transcription and enhancing expression.49

Regulation of Inflammatory Response and Fibrosis
In an investigation examining the impacts of T3 and THR-β agonist on steatohepatitis in rodents, Andrea Perra et al 
discovered that targeting THR-β can markedly impede the signal transduction of stress-activated protein kinase c-Jun 
N-terminal kinase (JNK), inhibiting the expression of cyclooxygenase-2, thereby ameliorating lipid accumulation and 
inflammatory response in murine liver tissues.50 Alonso-Merino et al found that liver fibrosis of mice induced by carbon 
tetrachloride was attenuated by TH administration, which inhibited the pro-fibrotic TGF-β/SMAD pathway.51

Research Advancements in THR-β-Related MASLD Pharmacotherapy
As mentioned above, TH/THR significantly influences numerous physiological processes, including glucose and lipid 
metabolism, which can benefit in ameliorating lipotoxic liver injury. This pushes THR agonists to be one of the prospective 
pharmacological targets for MASLD. However, it should be noted that, systemic TH replacement therapy is inappropriate 
for this disease, as it primarily affects THR-α signaling, potentially resulting in numerous adverse thyroid toxic reactions 
such as arrhythmias, osteopenia, sleep disturbances and other hyperthyroidism-like symptoms. Conversely, the incidence of 
adverse reactions associated with specific THR-β targeting drugs is comparatively low, rendering them favored in recent 
researches.52 Currently, there are over a dozen THR-β agonist drugs under development worldwide. But the research 
progression of them, such as CS27109, CS271011 and KB-141, has not been reported in public. Here, we described the 
research progress of several selective THR-β agonists that have been extensively reported in recent years (Table 1).

Table 1 THR-β-Related MASLD Pharmaceuticals

Product Formula Beneficial Effects Adverse Responses Present Investigation Stage

MGL-3196 
(Resmetirom/ 

Rezdiffra)

C17H12Cl2N6O4 LDL-c, Apo B and TG ↓ 
Hepatic fat ↓ 
Hepatic fibrosis ↓

Diarrhea and nausea FDA authorized for commercialization

VK2809 

(MB07811)

C28H32ClO5P LDL-c ↓ 
Hepatic fat ↓ 
Hepatic fibrosis ↓

Nausea, diarrhea, and vomiting Phase IIb

ASC41 Undisclosed LDL-c, TG ↓ 
ALT, AST↓ 
Hepatic fat ↓

Diarrhea Phase II

IS25 C20H25NO3 TG ↓ 
Hepatic fat ↓ 
Hepatocyte proliferation ↑

Undisclosed Preclinical studies

TG68 C22H27NO4 TG ↓ 
Hepatic fat ↓ 
Hepatocyte proliferation ↑

Undisclosed Preclinical studies

GC-1 

(Sobetirome)

C20H24O4 LDL-c ↓ 
TG ↓

Endogenous glucose synthesis ↑ 
Insulin sensitivity in liver ↓

Research ceased following Phase I trial

KB2115 

(Eprotirome)

C18H17Br2NO5 LDL-c ↓ 
Apo B ↓

Potential hepatic damage 

Cartilage injury

Research ceased following Phase III trial

Notes: ↓, indicates a decreased level; ↑, indicates an elevated level. 
Abbreviations: LDL-c, low-density lipoprotein cholesterol; Apo B, Apolipoprotein B; TG, triglycerides; ALT, alanine aminotransferase; AST, aspartate aminotransferase.
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THR-β Agonist Precursor
VK2809, originally named MB07811, is a prodrug with oral activity that acts as a phosphate-type THR agonist, produced 
by Viking Therapeutics. It is metabolized into a pharmacologically active form (3,5-dimethyl-4-(4′-hydroxy-3′- 
isopropylbenzyl) phenoxymethylphosphonic acid (named MB07344) by cytochrome P450 isozyme CYP3A4. CYP3A4 
is primarily expressed in liver, thus resulting in liver-targeting characteristics of the drug. Its active form subsequently 
undergoes fast elimination through biliary excretion and exhibits minimal distribution level in other tissues.53 

A preclinical investigation found that, VK2809 decreased serum cholesterol, serum and liver TG in diet-induced obese 
mice, without exerting a significant impact on body weight, blood glucose or TH level.54 The discovery endorses the 
clinical studies for this medication.

In a Phase I clinical trial, patients with mild hypercholesterolemia exhibited reduced levels of blood LDL-c and TG 
following VK2809 therapy, without any impact on heart rate or blood pressure. The findings indicated favorable safety 
and tolerability of the drug.55 In September 2016, a phase IIa clinical trial commenced to investigate the efficacy of 
VK2809 in patients with MASLD.56 The study concluded in April 2021, involving a total of 45 participants. The primary 
endpoint was the alteration in Magnetic Resonance Imaging-Proton Density Fat Fraction (MRI-PDFF) and plasma LDL- 
c level relative to baseline and placebo group. The patients administered VK2809 exhibited markedly reduced hepatic fat 
content compared to the placebo group. After 12 weeks, the median of relative decrease in liver lipid content was 53.8% 
for the 5 mg daily group, 59.7% for the 10 mg daily group, and 56.5% for the 10 mg every other day group, and the 
placebo group had a decrease of only 9.4%. Moreover, 70% patients in the therapy group exhibited a reduction in MRI- 
PDFF values of ≥50%. No significant adverse events were reported across all cohorts. A transient elevation of serum 
alanine aminotransferase (ALT) level has been observed by Esler et al in the early stage of drug administrations, but it 
restored to normal after 12 weeks.57

The encouraging outcomes endorse the Phase IIb VOYAGE study (NCT04173065), which assesses the efficacy of 
VK2809 (1.0 mg once daily, 2.5 mg once daily, 5 mg every other day, or 10 mg every other day) in treating biopsy- 
confirmed MASH and liver fibrosis in a broader patient cohort. It was a double-blind, placebo-controlled study, with 
a total treatment duration of 52 weeks. The trial employed MRI-PDFF-assessed liver fat reduction at 12 weeks as the 
primary endpoint. Secondary endpoints included histological changes in liver biopsy at week 52 and the proportion of 
patients with no worsening of liver fibrosis. After 12 weeks, an obvious decrease in liver fat was observed at all doses of 
VK2809 except 1.0 mg once daily. Patients experienced up to a 57% median reduction in MRI-PDFF from baseline. 
Importantly, these liver fat reductions were sustained or improved through week 52. Up to 88% of patients achieved 
a 30% or more decrease in liver fat after 52-week VK2809 treatment. Moreover, 75% of patients were found MASH 
improvement without worsening of fibrosis. At the highest 2 doses of VK2809, a significant proportion of patients 
achieved a 1-stage or higher improvement in fibrosis. In terms of safety, the severity of treatment-related adverse events 
reported in the VK2809 group was mostly mild or moderate (94%). The incidence of nausea, diarrhea, stool frequency, 
and vomiting in VK2809 group was similar to that of the placebo group.58 The high rates of liver fat and fibrosis 
improvement in MASH patients provide support for the Phase III trials of VK2809.

Selective THR-β Agonist
Sobetirome (GC-1) and Eprotirome (KB2115)
Sobetirome (GC-1) was a novel TH mimic synthesized by G. Chiellini et al in 1998. It is the first batch of liver selective 
THR-β agonist. The synthesis pathway is more efficient than conventional mimetics. It possesses potential characteristics of 
receptor binding and activation.59 However, in a Phase I clinical trial, researchers noted that GC-1 resulted in increased 
endogenous glucose production and diminished hepatic insulin sensitivity, prompting the cessation of future trials.60

Eprotirome (KB2115), another TH mimic, has shown beneficial effects on obesity and type 2 diabetes.61 It demon
strated advantageous effects on multiple lipid metabolic indices including levels of LDL-c, TG, and Apolipoprotein 
B (Apo B).62 However, in a Phase III clinical research, Eprotirome was found to induce variable degrees of hepatic 
damage. Simultaneously, toxicology investigations revealed that it may induce cartilage injury in canines (unpublished). 
The research was ultimately halted due to its side effects and adverse reactions.63
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Resmetirom (MGL-3196)
Resmetirom (MGL-3196), produced by Madrigal Pharmaceuticals, is an oral, liver-targeted TH analog that preferentially 
binds to THR-β, promoting hepatic fat metabolism and diminishing lipotoxicity. It selectively binds to THR-β, thereby 
avoiding the side effects associated with THR – α. A Phase I clinical investigation assessed the safety and tolerability of 
Resmetirom. The trial examined the pharmacokinetics of Resmetirom at dosage ranging from 5 mg to 200 mg per day in 
healthy volunteers. The findings indicated its favorable tolerability and safety. Approximately the maximum effect was 
observed at a dose of 80 mg, LDL-c and Apo B decreased by about 30%, and TG decreased by about 60%.64

A further Phase II clinical trial recruited 125 patients with biopsy-confirmed MASH across 18 regions in the United 
States, and evaluated the impact of daily oral dosages of 80 ± 20 mg of Resmetirom compared to placebo after 12 and 36 
weeks.65 Primary outcome was liver fat reduction evaluated by MRI-PDFF. After 12 weeks, patients with 80 mg 
Resmetirom administration exhibited a relative liver fat change of −32.9%, compared to −10.4% in the placebo group. 
After 36 weeks, the relative liver fat reduction rate for patients in Resmetirom group was −37.3%, while the placebo 
group showed −8.5%. The concentration of human type III collagen propeptide (PRO-C3) escalates with the progression 
of liver fibrosis and is frequently utilized to differentiate between MASLD and MASH.66 In this study, PRO-C3 levels in 
Resmetirom group were significantly diminished at both 12 and 36 weeks in comparison to the placebo group. 
Furthermore, Younossi et al assessed the alterations in health-related quality of life (HRQL) among individuals 
administered 80 mg of the medication daily in the phase II trial.67 It was found that patients in the therapy group with 
lower hepatic fat content also exhibited enhanced HRQL scores.

The positive preliminary outcomes triggered the initiation of Phase III clinical trials. Madrigal Pharmaceuticals has conducted 
4 Phase III trials of Resmetirom: MAESTRO-NASH (to assess the efficacy and safety of Resmetirom in a substantial cohort of 
patients with pathologically confirmed MASH and fibrosis) (NCT03900429),68 MAESTRO-NAFLD-1 (to investigate the 
incidence of adverse effects and biomarkers during treatment) (NCT04197479),69 MAESTRO-NAFLD-OLE (a multicenter 
open-label extension study to evaluate the efficacy in approximately 1000 MAFLD patients) (NCT04951219),70 and the 
MAESTRO-NASH-OUTCOME (NCT05500222) study. The outcomes of the Phase III trials indicated a significant improve
ment in the NASH score and fibrosis progression. After 52 weeks, the percentage of MASH remission in patients administered 
Resmetirom 100 mg or 80 mg daily was 26% and 30%, respectively, significantly exceeding the 10% observed in the placebo 
group; the percentage of fibrosis improvement was 24% and 26%, respectively, also significantly surpassing the 14% in the 
placebo group.68 Concurrently, Younossi et al performed an additional HRQL evaluation.71 The findings indicated that, in 
contrast to placebo group, the patients treated with Resmetirom who attained a major histological response including MASH 
remission, fibrosis improvement, or either, exhibited substantial HRQL improvements. The findings further indicated that 
Resmetirom may offer extensive advantages to MASH patients with liver fibrosis.

Resmetirom demonstrates significant metabolic benefits, including reduction of hepatic lipid accumulation, lowering 
plasma lipids and lipoproteins that contribute to atherosclerosis, and improvement in quality-of-life metrics. On March 14, 
2024, Resmetirom (trade name: Rezdiffra) obtained FDA accelerated approval for the treatment of adult non-cirrhotic non- 
alcoholic steatohepatitis (NASH) with advanced liver fibrosis (F2-F3 stage), making it the first innovative drug approved by 
FDA for MASH treatment. However, Resmetirom has shown limitations in clinical application, as it is only suitable for 
adult MASLD patients with moderate to severe liver fibrosis. Meanwhile, Adverse reactions related to liver toxicity and 
gallbladder have been observed during clinical trials. Therefore, its efficacy and safety still need further observation.

IS25 and TG68
Two novel THR-β selective agonists, IS25 and its prodrug TG68, have been recognized as promising candidates for the 
treatment of MASLD. A study conducted in vivo assessed the safety and efficacy of these two drugs in male F344 rats. 
Despite not being a rat model specifically for MASLD, the researchers noted a substantial reduction in TG levels.72 

These two compounds may function by stimulating the adenosine 5′-monophosphate (AMP)-activated protein kinase 
(AMPK)/acetyl CoA carboxylase (ACC) signaling pathway, which is pivotal in cellular energy management and 
metabolism.73 Studies have found IS25 and TG68 could induce a significant elevation of p-AMPK/AMPK and 
p-ACC/ACC protein expression ratios at the higher concentration such as 10 μM.72
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A study evaluated the therapeutic effects of TG68 and Resmetirom in obese mice induced by a high-fat diet. The 
results demonstrated that, both drugs could activate the THR-β target genes, yielding comparable beneficial outcomes 
including reducing liver weight, hepatic steatosis, and circulating TG without inducing significant extrahepatic damage.74 

A study by Andrea Caddo et al further revealed that, whereas Resmetirom diminished hepatic steatosis, TG68 at an 
equivalent dosage was capable of regressing diethylnitrosamine-induced precancerous lesions and exhibited a notable 
anti-tumor effect, which Resmetirom did not demonstrate.75 Another study shows that both TG68 and IS25 are able to 
increase hepatocyte proliferation, in a way quite similar to the thyroid hormone T3, but without overt toxicity.76 These 
preliminary research data for IS25 and TG68 suggest significant potential for treating MASLD. Currently, they are in 
urgent need for further basic and clinical researches.

ASC41
ASC41, produced by Ascletis Pharmaceuticals, is the THR-β selective agonist medicine with the most rapid development 
in China. Ascletis conducted a Phase I randomized, double-blind, placebo-controlled clinical investigation in 2021, 
involving both single-dose and multiple-dose escalation.77,78 The experiment comprised 65 participants with MASLD, 
with dosages varying from 1 mg to 20 mg. In the highest dosage group of 20 mg, ASC41 demonstrated good tolerance 
and safety. Concurrently, in comparison to the placebo group, the drug-treated patients exhibited a significant reduction in 
LDL-c and TG levels, with both single-dose and multiple-dose escalations yielding equivalent benefits.

In 2022, Ascletis’ Ganlai Company conducted a double-blind, randomized, multicenter, placebo-controlled Phase II 
clinical research to further assess the safety, tolerability, and efficacy of ASC41. The experiment comprised 180 patients 
with liver biopsy-confirmed MASH and met the requirement of liver fat content ≥7.5% and hepatic fibrosis stage F2 and 
F3 evaluated by MRI-PDFF. Participants were randomly assigned to two treatment groups (2 mg and 4 mg) of ASC41 
administered orally once daily, along with a placebo control group. Liver biopsies were conducted at baseline and 
52 weeks, whereas MRI-PDFF evaluations were carried out at baseline, 12 weeks, and 52 weeks thereafter. The principal 
endpoint was a decrease of ≥2 points in the MASLD activity score (indicating improvement in inflammation or 
ballooning) without any deterioration of fibrosis. In 2024, Ganlai exhibited that ASC41 can markedly diminish liver 
fat, alanine aminotransferase, and aspartate aminotransferase, while exhibiting overall favorable tolerability and safety.79 

This indicates that ASC41 possesses adequate therapeutic potential. Nonetheless, additional clinical trials are necessary 
for further validation.

Conclusion
Acculmulating preclinical and clinical researches have indicated that THR-β selective agonists can alleviate hepatic 
steatosis, inflammation and fibrosis in MASLD, without the adverse reactions to cardiovascular and central thyroid axis 
control. Especially, Resmetirom has made the first breakthrough in MASH clinical treatment since decades, encouraging 
progress of THR-β-targeted drugs. However, the disease heterogeneity and bias in clinical trial evaluation criteria may 
substantially affect clinical trial outcomes. Moreover, drugs’ side effects, including but not only common gastrointestinal 
adverse reactions and potential liver toxicity, challenge their clinical applications. On the other hand, combination 
therapy is currently considered as the future potential for MASH treatment by many experts. As lipid accumulation in 
liver crucially affects MASH development and fibrosis, effective combination therapy must incorporate at least one lipid- 
lowering agent.80 Thus, even some THR-β agonists previously discontinued or failed in clinical trials still have the 
opportunity. In summary, the THR-β targeted drugs have already demonstrated promising therapeutic potential for 
MASLD. But there is an urgent need for further preclinical and clinical studies to elucidate their efficacies and adverse 
reactions, thereby facilitating the precision medicine with improved clinical outcomes for MASLD patients.
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