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Summary:

The association between suboptimal thyroid function ((sub)clinical hypothyroidism or low-normal thyroid function) and the
metabolic syndrome and MASLD (metabolic dysfunction-associated steatotic liver disease) has been clearly established.
Furthermore, in MASLD, intracellular thyroid hormone concentrations are low and the activation of the thyroid hormone receptor
(THR) is reduced. Administration of thyroid hormone has been shown to reduce liver triglycerides by stimulating fatty acid disposal
through lipophagy and beta-oxidation, and to lower LDL-cholesterol. As thyroid hormone exerts its effects in many different
organs, including the heart and bone, several drug candidates have been developed as selective thyromimetics for the THR-b
nuclear receptor with potent and liver-targeted activity. Importantly, these compounds have reduced affinity for the THR-a nuclear
receptor and tissue distribution profiles that differ from endogenous thyroid hormones, thereby reducing unwanted cardiovascular
side effects. The most advanced compound, resmetirom, is an oral drug that demonstrated, in a large phase III trial in patients with
MASH (metabolic dysfunction-associated steatohepatitis), the ability to reduce liver fat, decrease aminotransferase levels and
improve atherogenic dyslipidaemia with a good tolerability profile. This translated into histological improvement that led to
accelerated approval of this drug for active fibrotic steatohepatitis, a milestone achievement as a first MASH drug.

© 2024 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver. This is an open access article under
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction
The complex pathophysiology of metabolic dysfunction-
associated steatohepatitis (MASH) including intricate re-
lationships with metabolic dysfunction, lipotoxicity, and in-
sulin resistance has led to the exploration of multiple
therapeutic pathways, with most drug candidates failing to
secure approval despite solid biological rationale. The link
between thyroid function and metabolic dysfunction-
associated steatotic liver disease (MASLD), first described
epidemiologically, then explored physiologically and, finally,
exploited pharmacologically is one of the rare success stories
that culminated in the first accelerated approval of a drug for
MASH. Herein, we will review the level of epidemiological
evidence that links low thyroid function to active fibrotic
steatohepatitis, the physiological regulation of liver fat,
inflammation and fibrosis by thyroid hormones, the pharma-
cological optimisation of selective thyromimetics and, finally,
the clinical results when these compounds have been tested
in patients with MASH. While data on longer-term benefit are
yet to be determined and fully understood, thyroid hormone
receptor (THR)-b agonists offer the first effective and safe
therapeutic approach in this disease.
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Epidemiological considerations of the link
between thyroid dysfunction and MASLD

Thyroid function and the metabolic syndrome

The epidemiological association between thyroid function, the
metabolic syndrome and MASLD covers three distinct condi-
tions: overt hypothyroidism, subclinical hypothyroidism (SCH)
and low thyroid function within the normal range.

Overt hypothyroidism is defined by an increased thyroid-
stimulating hormone (TSH) level and a decreased free
thyroxin (T4) level. Its prevalence in the general population is
estimated at around 3%.1 The association with weight gain,
cardiovascular risk factors (such as increased weight circum-
ference, arterial hypertension) and dyslipidaemia (high choles-
terol and high LDL values) is well known2 as is its impact on
cardiovascular morbidity and mortality.3

SCH is defined by a serum TSH concentration above the
upper limit of the reference range (>4.5 mIU/L) but with a
normal serum free T4 concentration.4 This well-recognised
entity5 is common in the general adult population with a
prevalence ranging from 4.6% to 8.5%, which can be as
high as 15% in the elderly.6 People with SCH have a higher
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Keypoints
� Low thyroid function, which encompasses subclinical hypothyroidism (TSH 4.5 mIU/L, normal free T4) and low-normal thyroid function

(TSH in the high-normal range, 2.5-4.5 mIU/L, normal free T4) is associated epidemiologically with components of the metabolic
syndrome, insulin resistance, adiposity and MASLD. In patients with MASLD, there is an association with the severity of liver disease and,
possibly, with cardiovascular mortality.

� Selective thyromimetics for the THR-b nuclear receptor with targeted liver actions are in development for MASH; the tissue distribution
profile and reduced activity for the THR-a isoform ensure no or minimal cardiovascular side effects.

� Thyromimetics activate intracellular thyroid hormone signalling upon binding to the nuclear thyroid hormone receptor b which results in the
stimulation of beta-oxidation and oxidative phosphorylation and, possibly, other direct pleiotropic effects on inflammation and fibrosis.

� Resmetirom, the first-in-class thyromimetic to be tested in MASH, improved histology (resolution of steatohepatitis and fibrosis reversal) in
a large phase III trial which led to accelerated approval in this indication. The drug has antisteatotic properties and improved atherogenic
dyslipidaemia without changes in weight or glycaemic control. A second phase III trial demonstrated a very good safety and an acceptable
tolerability profile.
likelihood of progression to overt hypothyroidism than those
with normal TSH levels <4.5 mIU/L. Based on cross-sectional
studies, SCH has been associated with an increased risk of
cardiovascular disease,7 although this may be more sub-
stantial in younger individuals8 or for higher TSH levels
(>10 mIU/L), as shown in large individual patient data meta-
analyses.9 From the observation that both coronary heart
disease (CHD) events and CHD mortality increase at TSH
levels >10 mIU/L comes the recommendation to treat patients
<70 years old, irrespective of symptoms, although a reduction
of CHD has never been studied after thyroid hormone
replacement. In the elderly, this has been investigated and
thyroid hormone replacement has not been shown to improve
wellbeing, while higher TSH has even been suggested to be
protective in this population.10 An increase in heart failure has
also been described.11 The association with the main com-
ponents of the metabolic syndrome12 is well docu-
mented:13–15 obesity and visceral adiposity,16 type 2
diabetes,17 arterial hypertension18,19 and hypercholesterole-
mia.20 However, the directionality of the association has been
debated,12 as the association could be prone to residual
confounders or reverse causality.

Low-normal thyroid function (LNTF) is defined by a normal
serum free T4 concentration and a TSH concentration at a high
value within the normal range (2.5-4.5 mIU/L). Even within the
normal range, TSH is positively associated with BMI while free
T4 displays a negative association,21 thus confirming the
relationship between adiposity and thyroid function. Moreover,
rising TSH has been associated with increased weight gain
over time.22,23 It is hypothesised that the higher TSH concen-
trations that are found in obesity are due to an altered setpoint
which is supported by Mendelian randomisation studies24 and
the fact that after bariatric surgery-induced weight loss, TSH
decreases.25 Higher TSH levels within the reference range have
also been associated with worsening blood pressure, increases
in lipid levels and an increased risk of metabolic syndrome.15,26

Moreover, some studies have documented that higher TSH
levels, even in the reference range, are predictive of higher
mortality from coronary artery disease in females.27 An asso-
ciation with changes in glomerular filtration rate and chronic
kidney disease has also been described,28 even after adjust-
ment for multiple confounders.29
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Thyroid function and MASLD

The association between low thyroid function, the metabolic
syndrome and insulin resistance strongly suggested that
MASLD may also be associated with (subclinical) hypothy-
roidism. Liangpunsakul and Chalasani were among the first to
identify a possible relationship between hypothyroidism and
MASLD.30 Many studies, both in Western and Asian pop-
ulations have since documented the association between low
thyroid function and MASLD.31 Importantly, these studies were
also performed in the euthyroid general population thus high-
lighting that not only overt hypothyroidism but also SCH and
LNTF are linked with MASLD.32 The association was still sig-
nificant in patients with type 2 diabetes33 and after adjusting for
the main metabolic risk factors32,34 or for markers of insulin
resistance.35 It was documented for both increasing TSH
levels36,37 and decreasing T4 levels.38,39 In fact the association
between low thyroid function and MASLD appears to be bi-
directional as some studies have shown, in turn, that in-
dividuals with MASLD, whether children or adults, have a
higher prevalence of SCH than controls.40–42

However, the question of causality is not settled. Longitudinal
studies in Chinese individuals with SCH have shown an
increased risk of incident MASLD, even after adjustment for in-
dicators of the metabolic syndrome. The risk was commensurate
to increasing baseline TSH levels.43 In contrast, Mendelian ran-
domisation studies provided a more nuanced picture: some
studies demonstrated a causal effect of genetically determined
TSH levels44,45 on the occurrence of MASLD, although the risk
became non-significant after adjustment for BMI.45 Other
studies did not find such a relationship but documented a po-
tential inverse causality: that genetically determined MASLD
significantly increased the risk of higher TSH levels.37 While
waiting for a firm demonstration of directional causality, the
reasonable assumption is that in practice, thyroid function
should be evaluated in patients with MASLD, while the risk of
MASLD should be monitored in patients with hypothyroidism
and SCH, especially in overweight and obese patients.

In support of the epidemiological association, there is evi-
dence that increased TSH levels are associated with the
severity of MASLD. Some studies have documented a higher
proportion of steatohepatitis (rather than steatosis) in patients
with higher TSH levels.42 In a large study of patients with
ary 2025. vol. 82 j 375–387



Thematic Miniseries on Promising Pharmacological Targets
biopsy-proven MASLD, high-normal TSH levels increased the
risk of steatohepatitis (specifically that of hepatocyte
ballooning) by 61% while SCH increased the same risk by 2.3
fold.46 Remarkably, the association was also true for increased
fibrosis, whether documented by biopsy,46,47 serum fibrosis
markers35,48,49 or liver stiffness:50 a two-fold increase in the
prevalence of elastography-defined significant fibrosis was
documented in patients with TSH >2.5 mIU/ml (i.e. above low-
normal values).36 Although most associations with steatosis are
found between TSH and free T4, as robust markers of the
hypothalamus-pituitary-thyroid axis, triiodothyronine (T3) was
also shown to be significantly related to liver fibrosis in a large
population-based study. 50 Due to its lower abundance in
serum and more difficult measurement, T3 is less commonly
used in clinical practice; however, low serum levels of T3
represent low intracellular levels of T3, which are related
to fibrosis.59

In a large US population from NHANES III with a median
follow-up of 23 years,51 SCH was associated with higher
overall and cardiovascular mortality compared to normal
thyroid function in patients with MASLD. This association was
significant even after adjustment for insulin resistance. Inter-
estingly, the association was not found in individuals without
MASLD.51 Further analyses of the same cohort confirmed that
individuals with MASLD, whether with low normal or SCH,
have increased all-cause and cardiovascular mortality.39

There are several mechanisms by which low thyroid function
may have an adverse impact on cardiovascular mortality:49

change in adipocytokine levels,52 endothelial cell and arterial
dysfunction,53 decrease in cardiac contractility,54 and
decreased left ventricular diastolic dysfunction during rest
and exercise.55 Precisely how these mechanisms are syner-
gised by the association with MASLD remains to
be determined.
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Fig. 1. Thyroid hormone metabolism. Thyroid hormone (T3 and T4) is produced b
loop. T3 and T4 are transported across the cell membrane in target organs by thyroid
deiodinases. Within the hepatocyte Dio1 is the major enzyme converting T4 to T3 and
to stimulate T3-mediated gene transcription (canonical signalling). THR-b analogues
are organs expressing mainly THR-a whereas the pituitary and liver mainly express
thyroid hormone receptor; TSH, thyroid-stimulating hormone.
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Regulation of intracellular T3 availability and deiodinase
activity in health and disease

The thyroid mainly produces the pro-hormone T4 which is
converted intracellularly into the bioactive hormone triiodothy-
ronine (T3) to activate THRs within the cell (Fig. 1). This pro-
duction of thyroid hormone is negatively regulated by pituitary
TSH. Therefore, TSH and free T4 are used as markers of the
hypothalamic-pituitary-thyroid-axis to indicate thyroid hormone
dysfunction. There is a THR inside virtually every somatic cell,
with thyroid hormone signalling regulating many basic pro-
cesses involved in development, growth and metabolism. The
THR is part of the nuclear receptor family and is activated
mainly by T3.56 Signalling through THR involves not only ligand
receptor binding but also transport across the cell membrane
of the ligand and its intracellular bioavailability, which is tightly
regulated by specific enzymes called deiodinases. In humans,
most T3 (�80%) is produced peripherally from T4. Type 1
deiodinase (Dio1) and type 2 deiodinase (Dio2) convert T4 to
active T3 intracellularly in a regulated manner. Deiodinase type
3 (Dio3) converts T4 to an inactive metabolite, reverse T3 (rT3).
This intracellular metabolism of thyroid hormones is believed to
determine thyroid hormone availability and to protect the cell
from high intracellular bioactive thyroid hormone levels, such as
those occurring during hyperthyroidism. Furthermore, deiodi-
nases regulate local T3 production according to cellular de-
mands. As an example, during neonatal development, a surge
in hepatic Dio2 expression helps regulate the expression of
genes involved in fatty acid, triglyceride, and cholesterol syn-
thesis, and increases the expression of genes involved in bile
acid synthesis. Also, in rodents, prevention of the Dio2 surge
alters the expression of >100 genes in the adult liver (with ab-
sent Dio2 activity) leading to an increased susceptibility to a
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high-fat diet. This shows that regulated T3 expression during
development causes subsequent epigenetic modifications. 57

In adult life as well, T3 production is regulated by deiodi-
nases: for instance, cold exposure in adults induces Dio2
expression in brown adipose tissue to increase local T3 pro-
duction and trigger thermogenesis.

The main deiodinase converting T4 towards active T3 in the
liver is Dio1 (Fig. 1). Single-cell RNA sequencing has estab-
lished Dio1 expression mainly in hepatocytes and hepatic
stellate cells with only minor contributions from macrophages
and liver endothelial cells.58,59 Dio1 activity is increased after
administration of T3, decreased by inflammatory signals and
modulated in MASLD. A high-fat diet induces hepatic Dio1
activity in mice on a western diet supplemented with fructose
and in a hepatoma cell line cultured with a mixture of oleic acid
and palmitic acid. Prevention of this Dio1 induction increases
susceptibility to hepatic steatosis in mice fed a western diet
supplemented with fructose, suggesting an early compensa-
tory role of Dio1 against steatosis formation.60 Concordant with
these findings is the documentation of reduced Dio1 expres-
sion in advanced, fibrotic stages of human MASLD or in animal
models of steatohepatitis.59,61 The exact mechanism of
reduced Dio1 expression is unknown but could involve both
reduced intracellular thyroid hormone levels (which are positive
regulators of Dio1 expression) and reduced Dio1 expression by
inflammatory signals. In a human hepatoma cell line (HepG2
cells), treatment with the pro-inflammatory cytokine IL1-b re-
duces Dio1 activity.62 Therefore, Dio1 plays a role both in
nutrient excess and during inflammation; however, it needs to
be established whether these changes are always compensa-
tory or whether they can also be detrimental.

In hepatic stellate cells, Dio3 is highly expressed during liver
injury.59 Dio3 is involved in liver regeneration and inactivates T4
to generate the inactive metabolite rT3. The upregulation of
hepatic Dio3 has been observed after partial hepatectomy in
rodents and might represent a foetal-like reprogramming to
induce regeneration.63 Similar induction of Dio3 expression –

mediated via hypoxia-inducible factor-dependent pathways –

has been observed after myocardial infarction. 64 In liver
fibrosis, Bohinc et al. showed that sonic hedgehog signalling
increases Dio3 expression and decreases Dio1 expression.59

Both decreased T3 production by Dio1 and increased T4
inactivation by Dio3 result in reduced intracellular thyroid hor-
mone action in the liver, as previously shown in MASLD.65,66

Collectively these data show that a major determinant of
thyroid hormone action is their intracellular bioavailability at the
tissue level. This is particularly important in MASLD and
possibly other chronic inflammatory conditions of liver injury,
since decreased production of active T3 due to Dio1 down-
regulation and increased T4 inactivation by Dio3 result in an
intrahepatic deficit of thyroid hormone activity that may impact
lipid handling and promote inflammatory and fibrotic dis-
ease progression.

THR binding and development analogues

Genomic or canonical thyroid hormone action results from
binding of ligand (T3) to the THR and subsequent binding of
THR to cognate response elements in the regulatory regions of
target genes (Fig. 1). In the absence of ligand, the THR recruits
co-repressors such a NCor and SMRT which prevent
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transcription. Upon ligand binding, activator proteins are
recruited with subsequent transcriptional activation of thyroid
hormone target genes. Apart from this classical THR activation,
other types of thyroid hormone action have been established
including liganded THR exerting its action in the cytoplasm
without DNA binding or binding of thyroid hormones to proteins
in the plasma membrane or cytoplasm, independent of THR.67

As the latter non-genomic or non-canonical binding of thyroid
hormone does not require gene transcription or protein syn-
thesis, it may account for rapid – within minutes – effects
occurring after thyroid hormone administration.67 It has been
suggested that liver triglycerides are regulated via these non-
canonical thyroid hormone actions. 68

There are two types of THR exerting thyroid hormone action:
thyroid hormone receptor-a1 (THR-a) and thyroid hormone
receptor-b1 (THR-b) (Fig. 1). The predominant THR subtype
expressed in the liver and pituitary is THR-b whereas THR-a
predominates in the heart, bone, and skeletal muscle.56 It was
also shown that in adipose tissue THR-b mediates the effects
of T3 on intracellular metabolism of glucose and lipids.69 Mu-
tations in THR-b result in impaired thyroid hormone signalling
known as Refetoff’s syndrome or resistance to thyroid hor-
mone (RTH). Interestingly, dysfunction of THR-b has been
linked to fat accumulation in the liver. Mice with this mutated
THR-b display excessive lipid accumulation.70 In humans, two
separate studies have shown that RTH is associated with
increased liver fat content.71 Conversely, it has recently been
shown in liver bulk RNA sequencing that THR-b activity is a
critical suppressor of human MASLD progression.66 Data pre-
sented above demonstrate that reduced intracellular thyroid
hormone action increases liver steatosis. Based on this
observation there have been several attempts to treat MASLD
by increasing thyroid hormone action in the liver. To this end,
euthyroid patients have been treated with synthetic thyroxine
(LT4) which is converted into T3 locally and can serve as a
ligand for the THR.61 LT4 was titrated to suppress TSH into the
low-normal range via negative feedback mechanisms. Liver fat
was indeed reduced in this 16-week study. Although no
changes in heart rate were observed, long-term effects on
THR-a-expressing organs such as the heart (arrythmias) and
bone (osteoporosis) cannot be ruled out. Thus, an optimal
approach would not only specifically target THR-b with high
selectivity over THR-a, but also have hepatic restricted actions
in order to avoid dysregulation of the hypothalamus-pituitary-
thyroid axis. Thyromimetics are synthetic compounds with
THR-b subtype specificity that can restore thyroid hormone
activity in hepatocytes (liver cells).

Putative mechanisms of action of thyroid
hormones and thyromimetics in MASLD

Metabolic effects of T3 and thyromimetics in pre-
clinical models

Triglycerides – Pre-clinical studies have shown clear effects of
T3 and thyromimetics on reducing hepatic steatosis.72–74 This
is thought to be mediated by increased beta-oxidation of free
fatty acids derived from triglycerides in lipid droplets (Fig. 2).
Thyroid hormone is involved in the breakdown of triglyceride-
containing lipid droplets by stimulating lipolysis, thereby lead-
ing to the release of free fatty acids and allowing for entry of
ary 2025. vol. 82 j 375–387
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Fig. 2. Known mechanisms by which thyroid hormone (T3; orange circles) and THR-b agonists (green box) exert their beneficial effects on steatosis, hy-
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T3. These fatty acids are shuttled towards mitochondria in which thyromimetics and T3 are known to stimulate beta-oxidation of fatty acids both directly and via
transcription factors (e.g. PGC-1a). Furthermore, T3 is known to stimulate recycling of damaged mitochondria through mitophagy. T3 and thyromimetics are known to
inhibit ROS-induced lipid peroxidation reducing the amount of toxic lipid species. T3 and thyromimetics inhibit pro-inflammatory signals (e.g. NLRP3 inflammasome,
NF-KB, Jak-STAT3 signalling). Although T3 and thyromimetics are known to reduce inflammation and fibrosis it is unknown whether these effects depend on direct
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fatty acids into mitochondria where they undergo beta-oxida-
tion. It has been shown that the classical pathway of lipolysis is
activated by increased expression of lipolytic enzymes (adi-
pose tissue triglyceride lipase, hepatic lipase and zinc-a2-
glycoprotein). In the context of thyroid hormone signalling,
this classical pathway of lipolysis seems less important for the
mobilisation of fatty acids compared to lipophagy, a process
involving autophagy of lipids.75 During lipophagy, intracellular
lipid droplets are engulfed by the autophagosome and fuse
with the lysosome, leading to the release of fatty acids.76 This
mechanism of lipophagy and increased beta-oxidation after T3
has also been shown to be important in a MASH animal model.
74 Thyroid hormone subsequently regulates the entry of fatty
acids into mitochondria and beta-oxidation by upregulation of
mitochondrial proteins (carnitine palmitoyltransferase 1A,
mitochondrial trifunctional protein, medium-chain acyl-CoA
dehydrogenase, pyruvate dehydrogenase kinase isoform 4,
mitochondrial uncoupling protein 2). In mice treated with a
high-fat methionine-and choline-deficient diet together with T3,
the expression of peroxisomal acyl-CoA oxidase, the rate-
limiting enzyme in peroxisomal beta-oxidation, was
increased.72 Increased beta-oxidation has also been observed
after the administration of the thyromimetics VK2809 (also
known as MB07811) in vivo and resmetirom in vitro.73,77

Furthermore, thyroid hormone indirectly stimulates beta-
oxidation by stimulation of liver transcription factors (e.g.
peroxisome proliferator-activated receptor gamma coactivator
1-a [PGC-1a], ERRa [oestrogen-related receptor a], peroxi-
some proliferator-activated receptor a, and fibroblast growth
factor 21).78–80 Together with the stimulation of lipophagy and
beta-oxidation, thyroid hormone stimulates the autophagy of
Journal of Hepatology, Febru
damaged mitchochondria (mitophagy) and reduces reactive
oxygen species production through ERRa.79 Apart from stim-
ulation of beta-oxidation, T3 has also been shown to decrease
the protein levels of L-FABP in NAFLD models, regulating the
uptake and transport of fatty acids for glycerolipid synthesis.72

It remains unclear whether thyroid hormone concurrently
stimulates beta-oxidation and lipogenesis. It was shown that
thyroid hormone stimulates lipogenesis via the transcription
factor ChREBP.81 Recently it was shown that VK2809 and T3
reduced the other important lipogenic pathway via SREB1c,
indicating lipogenesis as a possible additional contributor to
reduced steatosis.73,74

Cholesterol – Thyroid hormone is well known to reduce
levels of the atherogenic lipid LDL-cholesterol. This is thought
to be regulated at many levels including increased cholesterol
clearance, decreased cholesterol secretion and increased
reverse cholesterol transport to convert cholesterol into bile
acids (Fig. 2). Thyroid hormone increases the expression of
cholesteryl ester transfer protein and expression of hepatic LDL
receptor, thus regulating clearance from serum, and negatively
regulating the expression of both sterol O-acyltransferase 2
and apolipoprotein (Apo)B100, thus inhibiting re-esterification
and packaging of cholesterol into VLDL and LDL. Further-
more, thyroid hormone has been shown to regulate PCSK9,
promoting the recycling of the LDL receptor and contributing to
lower serum levels of cholesterol.75

Glucose and insulin – The impact of thyroid hormone ac-
tions and thyromimetics on insulin resistance is incompletely
understood. Insulin resistance and subsequent hyper-
insulinemia cause excess substrate mobilisation of free fatty
acids, which has been shown to be the major contributor to
ary 2025. vol. 82 j 375–387 379



increased hepatic de novo lipogenesis.82 Associations between
insulin resistance and hepatic steatosis have been clearly
shown, though direct causality has been debated.83 Thyroid
hormone and thyromimetics reduce liver steatosis without
affecting insulin resistance in humans.84 In pre-clinical models,
the thyromimetic GC1 (also known as sobetirome) significantly
reduces steatosis while increasing fasting glucose and insu-
lin.85 Additionally, hyperinsulinemic euglycemic clamp explo-
rations documented reduced suppression of endogenous
glucose production, an indication of increased insulin resis-
tance.85 It is well known that thyroid hormone induces gluco-
neogenesis, and VK2809 increases PGC-1a but this does not
appear to explain the increased insulin resistance.73,85 Alter-
native explanations such as suppressed Akt phosphorylation
after GC1 treatment85 have been proposed. Although clinical
trials do not support worsened glycaemic control it remains
intriguing that a reduction of steatosis is not accompanied by
an improvement of insulin resistance.
Anti-inflammatory effects of T3 and thyromimetics in pre-
clinical models

Apart from the aforementioned effects of T3 and thyromimetics
on metabolic parameters, thyroid hormone (analogues) may
also have independent effects on inflammation. In a mouse
model, T3 not only prevents steatohepatitis prophylactically,
but it can also revert inflammation and fibrosis once estab-
lished.74 Increased lipid storage in hepatocytes induces the
production of reactive oxygen species, leading to lipid peroxi-
dation. Both T3 and the thyromimetic GC-1 can reduce lipid
peroxidation products in a murine MASH model.72 Hepatic
oxidative stress, which is increased in mice with steatohepati-
tis, is reduced by administration of T3. 74 The inflammatory
mediators JNK (Jun N-terminal kinase) and STAT3 (signal
transducer activator of transcription-3) are phosphorylated in
models of MASH. T3 almost completely inhibits the phos-
phorylation of these proteins.72,74 Moreover, T3 reduces the
mRNA and protein expression of MASH-induced NLRP3
inflammasome components NLRP3, ASC1, caspase 1, and
Toll-like receptor 4. This may be mediated by increased AMPK
phosphorylation.74 Resmetirom inactivates the NF-jB and Jak-
STAT3 signalling pathways in an in vivo MASH model.86 This
effect may be mediated via RGS5, a member of the regulators
of G protein signalling family, which is involved in the regulation
of inflammation.86 T3 and GC-1 have been shown to stimulate
TREM2 expression which produces a phenotypic switch in
macrophages to an anti-inflammatory, restorative state.87

In summary, thyroid hormones and thyroid hormones ana-
logues exhibit anti-inflammatory activities in addition to their
metabolic effects. Since metabolic improvement of metabolic
dysfunction can also result in less inflammation, disentangling
these two effects is challenging.

Antifibrotic effects of T3 and thyromimetics in pre-
clinical models

In murine MASH models, T3 administration results in a signifi-
cant reduction of fibrosis as measured by fibrotic markers such
as Tgfb1 and Col1a1 mRNA expression and liver hydroxypro-
line content.74 Interestingly similar effects have been reported
in non-metabolic liver fibrosis models, thus raising the
380 Journal of Hepatology, Febru
possibility of a direct antifibrotic effect of T3, possibly mediated
by hepatic stellate cells. In a carbon tetrachloride-induced
model of fibrosis, thyroid hormone inhibited the pro-fibrotic
TGF-b/SMAD pathway and reduced liver fibrosis.88 In a bleo-
mycin induced model of lung fibrosis, T3 improved mitochon-
drial function and suppressed mitochondria-regulated death
pathways. These effects were dependent on intact PGC-1A
and PINK1 pathways.89 Improved mitochondrial function after
T3 administration also potentially contributes to the antifibrotic
effects in the liver.74 While the metabolic actions of T3 do not
appear to mediate the effects on fibrosis, the anti-inflammatory
effects described above could certainly contribute to the
reduction in liver fibrosis.

Recently it has been reported that THR-a modulates the
activation of hepatic stellate cells and their response to pro-
fibrogenic cytokines such as TGF-b.90 This may suggest that
the antifibrotic effects of THR-b-selective thyromimetics may
not be exerted directly through stellate cells, but rather through
effects on hepatocytes which preferentially express the b iso-
form of the THR.90

Pharmacology of thyromimetics
The use of thyromimetics as therapies for diseases other than
thyroid hormone deficiency has been contemplated for de-
cades. In the 1960s, a large clinical study dubbed the Coronary
Drug Project assessed whether the unnatural D-enantiomer of
T4 could extend life in euthyroid patients with coronary artery
disease.91 Rather than extending life, the treatment arm
showed increased mortality, making it clear that the beneficial
effects of T4 and T3 treatment in euthyroid patients are
inseparable from the adverse effects associated with thyro-
toxicosis. This prompted research aimed at discovering T3
analogues that retained the beneficial actions of excess T3,
such as lipid lowering and antifibrotic activity, while sparing the
adverse effects of excess T3 on the heart, bone, and skeletal
muscle. Eprotirome was the first significant clinical stage thy-
romimetic to surface from these efforts and, in a 2010 phase II
study, it was shown to significantly lower LDL-cholesterol
levels in hypercholesterolemic patients with an acceptable
safety profile.92,93 Around this time, a different thyromimetic
called sobetirome similarly showed potent LDL-cholesterol-
lowering activity in patients without the anticipated
thyrotoxicosis-related adverse effects.94,95 Although these
agents demonstrated potent liver-specific T3 action evidenced
by LDL-cholesterol lowering, which occurs via liver-mediated
reverse cholesterol transport, along with acceptable safety
profiles in humans, neither were pursued to clinical approval.
Eprotirome development was discontinued in phase III due to
unanticipated cartilage abnormalities in non-clinical chronic
toxicology studies,96 and sobetirome was discontinued by the
sponsor after phase I for strategic business reasons.

During the time eprotirome and sobetirome were being
studied clinically as cholesterol-lowering agents, it was not
widely appreciated that fatty liver disease and MASH repre-
sented major unmet clinical needs. Following the discovery of
eprotirome and sobetirome, two other thyromimetics were
discovered, resmetirom (MGL-3196) and VK2809, which pro-
gressed to late clinical stage development, and approval in the
case of resmetirom, as MASH therapeutics. Like eprotirome
and sobetirome, both of these thyromimetics bind and activate
ary 2025. vol. 82 j 375–387
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the THR-b subtype in preference to THR-a, which is thought to
be important for avoiding adverse T3-like effects in the heart,
bone, and skeletal muscle.

A pharmacological property that is shared between
resmetirom and VK2809, and clearly differentiated from
eprotirome and sobetirome is reduced binding affinity and
potency at THRs (Table 1). Eprotirome and sobetirome have
THR affinity and potency that is similar to T3 in contrast to the
affinity and potency at THR for resmetirom and VK2809 which
is 2-3 orders of magnitude lower than that of T3 (Table 1). This
point of differentiation is reflected in the dose ranges studied
in human clinical trials. Human LDL-cholesterol lowering
occurred in the 0.025-0.1 mg range with eprotirome and
sobetirome whereas doses of 5-100 mg were needed to
T4

Eprotirome Sobeti

Res

VK2809
(prodrug)

H

Fig. 3. Thyroid hormone and thyromimetics. Chemical structures of thyroid horm
form of thyroid hormone in circulation and is converted to the active form T3 mos
metabolite rT3 by inactivating Dio3. Eprotirome, sobetirome, and KB-141 are first-ge
pursued in clinical development but discontinued after phase II for eprotirome and
VK2809A upon selective enzymatic hydrolysis in the liver. VK2809 is currently bein
thyromimetic to be approved for clinical use. Dio, deiodinase; rT3, reverse T3; T3, t

Table 1. Selectivity and potency of thyromimetics.

Thyromimetic
drug

Clinical dose
(mg/day)

THR-b selectivity (fold
vs. THR-a)

THR potency
vs. T3

Sobetirome 0.025-0.1 10 T3-like
Eprotirome 0.1 Modest T3-like
Resmetirom 80-100 30 <<<T3
VK2809 5 16 <<T3

THR, thyroid hormone receptor; T3, triiodothyronine.
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produce LDL-cholesterol lowering in humans with resmetirom
and VK2809.97,98

Resmetirom has a similar molecular shape to T3 but differs
substantially with the triazine-carbonitrile heterocycle replacing
the carboxylic acid-containing alanine side chain of T3 (Fig. 3).
Eprotirome and sobetirome which have similar THR affinity and
potency to T3 also have carboxylate-containing substituents at
this position. The resmetirom structure also contains an un-
usual dihydropyridazinyloxy heterocycle designed to mimic the
phenolic outer ring of T3. These structural changes reduce
resmetirom binding affinity for both THR-a and THR-b
compared to T3 in a cell-free coactivator recruitment ligand
binding assay.99 Resmetirom binds with 14- and 374-fold lower
affinity to THR-b and THR-a, respectively compared to T3.
Resmetirom affinity for THR-b is about 30-fold higher than its
affinity for THR-a,97,99 which is desirable as previously
mentioned for thyromimetics that target the liver. A second less
than ideal physicochemical property of resmetirom in addition
to on-target potency is solubility. The reported solubility of
0.0004 mg/ml at pH 7 is very low for an orally administered
drug and suggests that resmetirom will have low perme-
ability.99 Because the liver is the first organ to receive absorbed
orally administered drugs, this may be a benefit in that low
T3 rT3

rome KB-141

metiron

VK2809A
(active)

ydrolysis

ones and some synthetic T3 analogues, or thyromimetics. T4 is the predominant
tly in target tissues by activating Dio2. T4 can also be converted to the inactive
neration thyromimetics discovered in the 1990s. Eprotirome and sobetirome were
phase I for sobetirome. VK2809 is a prodrug that releases the active T3 agonist
g studied in phase II for NASH. Resmetirom is the first synthetic, non-natural T4
riiodothyronine; T4, thyroxine.
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permeability could limit resmetirom exposure in organs other
than the liver where T3-driven adverse effects could arise. In a
phase I multiple ascending dose study, doses of resmetirom
from 5-200 mg were administered to healthy individuals,
resulting in an up to 30% decrease in LDL-cholesterol after 14
days of once-daily oral dosing.97 All doses were well-tolerated
with a small �20% decrease in free T4 at the highest dose. The
sustained 20% decrease in free T4 as well as a decrease in T4
metabolites was also present with no change to TSH. T4
depletion with normal TSH is a hallmark of drugs that induce
central hypothyroidism by initially suppressing TSH at the pi-
tuitary, leading to decreased production of T4 from the thy-
roid gland.100

The interplay between the decrease in endogenous thyroid
hormones and the increase in blood levels of T3 agonistic
drugs leads to inappropriate pituitary TSH secretion classic to
drug-induced central hypothyroidism. While this small 20%
depletion of T4 at a dose of 80-100 mg of resimetirom does
not appear to coincide with safety signals related to hypo-
thyroidism, this indicates that resmetirom is exiting the liver
into the blood and producing T3 agonistic action at
the pituitary.

VK2809 is a prodrug of an active THR-binding ligand
(VK2809A) and the conversion of VK2809 to VK2809A occurs
via an enzyme called cytochrome P3A4 (CYP3A4) abundantly
expressed in the liver and gastrointestinal tract (Fig. 3). The
chemical structure of the active thyromimetic VK2809A is
identical to sobetirome with the one exception of a phos-
phonic acid in place of the carboxylic acid of the oxyacetic
acid side chain. This chemical change results in a decrease in
THR-binding affinity and THR potency for VK2809A compared
to sobetirome and similar carboxylic acid-containing thyro-
mimetics.101 This is reflected in an approximate 100-fold
lower potency for VK2809 to reduce cholesterol in diet-
induced obese mice compared to KB-141, a carboxylate-
containing thyromimetic with similar THR affinity and po-
tency to sobetirome.102 The liver selective conversion of
VK2809 to VK2809A is designed to provide therapeutic
exposure of the active thyromimetic in the liver, while reducing
thyromimetic exposure in non-hepatic tissue. This is borne out
in rats which show fewer heart and skeletal muscle T3-like
effects when dosed with VK2809 vs. T3 or KB-141.101 In
addition, VK2809 reduced liver fat in mouse and rat fatty liver
models without increasing heart rate or heart weight.73 How-
ever, substantial dose-dependent systemic T4 and T3
depletion by VK2809 is observed in mice, indicating that T3-
like thyromimetic action is occurring at the pituitary, result-
ing in TSH suppression leading to central hypothyroidism at
high doses of VK2809.101 This could arise from either the
active thyromimetic VK2809A escaping the liver or conversion
of the prodrug VK2809 in the pituitary by an enzyme other
than CYP3A4 capable of cleaving phosphonate esters. At a
liver steatosis-reducing dose, VK2809 showed no effect on
pituitary TSH mRNA, a reproducible marker of hypothalamus-
pituitary-thyroid axis regulation.73

In a phase I multiple ascending dose study, VK2809 was
administered orally to healthy individuals with elevated
cholesterol in the dose range of 0.25-40 mg/day for 14 days.98

Significant reductions in LDL-cholesterol, triglycerides, ApoB,
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and lipoprotein (a) were observed at doses >5 mg, again
demonstrating similar findings to other clinical stage thyromi-
metics albeit with decreased potency in humans for VK2809
compared to eprotirome and sobetirome.

Clinical data for thyromimetics in MASH
Resmetirom, the first-in-class thyromimetic for MASH, has
been tested in patients with histologically confirmed MASH in a
phase IIb trial103 (125 patients randomised) including an open-
label part104 (31 patients included) and two phase III placebo-
controlled randomised trials, one in patients with phenotypi-
cally defined MAFLD105 (MAESTRO-NAFLD trial, 972 patients
randomised) and one in an histologically confirmed MASH
registrational trial84 (MAESTRO-NASH, 966 patients rando-
mised). A randomised, phase III trial in patients with MASH
cirrhosis is ongoing (NCT05500222). These trials provided a
wealth of information on the clinical effects of the drug and how
it could be used in clinical practice.

The therapeutic effect of resmetirom is clearly dose
dependent, with 60 mg daily being less effective than 80 mg
daily, which is less effective than 100 mg daily. The optimal
dose was determined by studying both plasma drug exposure –

evaluated by plasma drug AUC – and liver exposure – evalu-
ated by plasma sex hormone-binding globulin (SHBG) levels.
SHBG is a target gene of THR-b signalling; thus, an increase,
now set at >120% over baseline levels, is considered a phar-
macodynamic marker of sufficient hepatic exposure. The dose
dependency, well documented by the open-label extension
study,104 applies to liver fat content reduction but also to
aminotransferase and lipid improvements, as well as to histo-
logical effects on MASH. However, it should be noted that
these increases in SHBG result in increased concentrations of
oestrogen (males) and total testosterone (males and females).84

Weight is an important determinant of drug exposure and the
prescribing information advises a dose of 100 mg daily for
patients weighing more than 100 kg and 80 mg daily for those
below that weight.106

Histological efficacy was demonstrated in two separate tri-
als. The phase IIb 36-week trial tested a single 80 mg dose vs.
placebo (n = 125 patients total), providing a clear indication of
improvement of disease activity defined as resolution of stea-
tohepatitis: 27% in the active arm vs. 6% in the placebo arm.
This was confirmed as a primary endpoint in an intention-to-
treat analysis in a much larger 1 year, phase III trial84 with
two pathologists: 29.9% for the 100 mg arm vs. 9.7% in the
placebo arm. However, the definition of NASH (previous term
for MASH) resolution used in these two trials includes a >2
point reduction in NAFLD activity score (NAS). Without this
requirement, i.e. using the same FDA definition of NASH res-
olution as other trials,107–110 the rate of response for the
100 mg arm was 36% vs. 13% in the placebo arm for one of the
pathologists and 24% vs. 9% for the other106 (Fig. 4). Fibrosis
improvement (without worsening of total NAS) was not shown
in the phase IIb trial but was suggested by AI-assisted digital
pathology, especially after correction for liver volume and
steatosis111 (both significantly reduced by the antisteatogenic
actions of resmetirom). The larger phase III trial confirmed a
reduction in fibrosis in the 100 mg arm (25.9% vs. 14.2% in the
placebo arm).84 Again, using the standard FDA definition (which
ary 2025. vol. 82 j 375–387
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Improvement in fibrosis#
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9%
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24%
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23%
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Pathologist A
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Resmetirom  80 mg

Resmetirom  100 mg

Fig. 4. Proportion of histological responders to resmetirom in the phase III MAESTRO-NASH registrational trial (adapted from104). Patients with missing liver
biopsy at month 12 are considered non-responders. Resolution of steatohepatitis was defined as a score of 0–1 for inflammation, 0 for ballooning, and any value for
steatosis according to the NASH-CRN classification. Improvement in fibrosis was defined as a reduction in fibrosis stage by 1 stage or more according to the NASH
CRN classification. Both doses of resmetirom were significantly superior to placebo for both endpoints. *And no worsening of liver fibrosis; #and no worsening of
steatohepatitis defined as no increase in score for ballooning, inflammation, or steatosis. Solid bars: pathologist A; hatched bars: Pathologist B. Both pathologists
independently read the liver biopsies for each patient.
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requires no worsening of NAS components rather than of the
total score) the antifibrotic effect was confirmed: 28% vs. 15%
for placebo for one of the pathologists and 24% vs. 13% pla-
cebo for the other when applied exclusively to the fibrosis stage
2 and stage 3 population106 (Fig. 4). Improvement in fibrosis
was also corroborated by non-invasive tests including mag-
netic resonance elastography, vibration-controlled transient
elastography, ELF (enhance liver fibrosis) score and ProC3.84

Importantly, at the 100 mg dose, improvement in fibrosis
occurred independently of diabetes status, stage of fibrosis
(stage 2 or 3) or weight loss changes during the trial. However,
data is still needed to determine if the effect is as strong in
patients on GLP1 receptor agonists as it is in those not
receiving these medications.

A salient finding from the resmetirom clinical programme
was that histological resolution of steatohepatitis predicted
fibrosis improvement. Even in the phase IIb trial, which was
overall negative for fibrosis improvement, patients who had
resolution of steatohepatitis also had reduced fibrosis: 61% of
those with MASH resolution also had 1 stage or more fibrosis
improvement and 56% no longer had fibrosis (stage 0).103 In
fact, MASH resolution predicted fibrosis improvement better
than the proton density fat fraction (PDFF) response, since only
a third of those with a PDFF reduction >30% had fibrosis
reversal.103 One explanation put forth was that PDFF measures
hepatic triglycerides and not specifically bioactive lipotoxic
species and therefore PDFF reduction may not be an accurate
surrogate of lipotoxic fat reduction. Nonetheless, for agents
that act by reducing liver fat, PDFF reduction is still a good
indicator of histological improvement: in the phase III trial, pa-
tients who did not achieve at least a 30% reduction in PDFF did
not perform better than those receiving placebo for both pri-
mary histological endpoints. Conversely when PDFF declined
by >30%, not only steatohepatitis resolution but also fibrosis
improvement occurred more often than in the placebo arm.
Moreover, earlier data have shown that the more profound the
hepatic fat content reduction (e.g. 50% instead of 30%) the
higher the histological response.103,104
Journal of Hepatology, Febru
Since both phase II and III trials incorporated serial mea-
surements of PDFF and alanine aminotransferase (ALT) some
insight into the kinetics of improvement on resmetirom is
available. Most of the reduction in liver fat occurs in the first 16
weeks with only a marginal additional gain after 1 year.105

Instead, the reduction in ALT follows a more delayed and
protracted course. This should help refine prediction of
response based on PDFF and ALT changes.112

As expected from earlier studies,75 resmetirom improved
multiple atherogenic lipids and lipoproteins (19% reduction for
LDL-cholesterol, 21% reduction for ApoB, 27.5% reduction for
triglycerides) including ApoC3 and lipoprotein (a),105 small
dense LDL, large VLDL and chylomicrons.103 This reduction
occurred after 6 months and was maintained at 1 year. No
changes in body weight, nor improvements on glycaemic
control (HbA1c) and insulin resistance (HOMA-IR) were
observed after treatment. While glycaemic parameters did not
change, there was a 33% increase in adiponectin tentatively
explained by a decrease in hepatic turnover103 or by a bona fide
action of resmetirom on the adipose tissue.113

The effects of resmetirom on the pituitary/thyroid axis have
been studied in detail. In patients with MASH, rT3, a marker of
hepatic inflammation, is increased and the ratio of free T3/rT3
is reduced compared to control individuals, while the ratio of
free T3/rT3 declines with fibrosis stage.104 Treatment with
resmetirom significantly reduced rT3 and increased the ratio
of free T3/rT3,104 which may reflect a correction of endoge-
nous hepatic thyroid hormone activity. Resmetirom
decreased free T4104 with a minor change in TSH in the 80 mg
group (-0.18 mIU/L) and no significant change in the 100 mg
group.84 The mechanisms accounting for these changes are
under investigation. One possibility is that the thyromimetic
increases Dio1 expression which converts T4 to T3. This is
also shown by decreased rT3, the preferred substrate of Dio1,
after resmetirom treatment. Another possibility is that the
thyromimetic is acting on THR at the pituitary to suppress
thyroid gland production of T4 by suppressing TSH
secretion. While the initial studies of resmetirom excluded
ary 2025. vol. 82 j 375–387 383



patients with an L-thyroxine intake >75 lg per day, this was
amended in the phase III trials and there is currently no re-
striction on resmetirom administration based on L-
thyroxine supplementation.106

The excellent safety and tolerability profile of resmetirom is
now confirmed. Overall, trial discontinuation due to adverse
events occurred in 6.8-7.7% of patients in the 100 mg arm, 1.9-
2.8% in the 80 mg arm and 2.2-3.4% in the placebo arm.84,105

Diarrhoea and nausea are the two most common side effects.
They appear to be self-limited and did not result in study
withdrawal. Diarrhoea, which lasts for a median of 15-20 days,
occurs in the early weeks of treatment.105 The b selectivity of
resmetirom appears to be sufficiently stringent to avoid
adverse events related to a receptor activity, in particular car-
diovascular symptoms or bone mineral density reduction,
although in addition to b selectivity, restricted distribution of
resmetirom from the blood to the heart and bone likely also
plays a role. Elevations in oestradiol and total testosterone
have been documented but their long-term relevance is un-
known, as is the increase in SHBG, a glycoprotein which reg-
ulates tissue bioavailability of sex hormones.

VK2809, another THR-b selective, liver-enriched thyromi-
metic is currently being tested in VOYAGE, a phase IIb trial in
patients with biopsy-proven steatohepatitis (NCT04173065).
The study is being conducted in 248 participants and is testing
four doses of drug vs. placebo. So far only top-line results,
including of the primary endpoint (PDFF reduction at week 12)
have been released: the mean relative change in liver fat ranges
from -16.6% (1 mg QD) to -51.7% (1 mg QOD) vs. -3.7% for
placebo. The proportion of patients achieving a 30% relative
reduction ranged between 53% to 85% (vs. 13.6% for the
placebo arm). Reductions in plasma lipids (LDL-cholesterol,
ApoB, lipoprotein (a), Apo-CIII, and triglycerides) have been
documented. Diarrhoea was reported in only 5% of the com-
bined VK2809 arms vs. 3.1% in the placebo arm. Final results
are expected for mid-2024.
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Perspectives for clinical development and
clinical use
Thyromimetics hold great promise for the treatment of MASLD
due to their pleiotropic effects and, to date, acceptable safety
profiles. The most recent EASL-EASO-EASD clinical practice
guidelines on MASLD recommend that adults with non-
cirrhotic MASH with significant liver fibrosis (stage >2) should
be considered for treatment with resmetirom as a MASH-
targeted therapy (whenever approved locally).114 SHBG as a
biomarker for thyroid hormone action within the liver could be
used to monitor compliance, guide dosing and predict histo-
logical outcome. Long-term studies should indicate whether
any detrimental long-term effects on the heart and bone occur.
This could be assessed with clinical markers, such as heart rate
and bone turnover, however, long-term markers such as risk of
arrhythmia, fracture risk and symptoms related to bone carti-
lage damage are also important outcomes. Also, depletion of
T4, which appears to be a common property of thyromimetics,
could limit their doses if clinical signs of systemic or tissue-
specific hypothyroidism become an issue, which should be
carefully monitored in the development of novel, second-
generation compounds. How long these compounds need to
be administered for and whether discontinuation leads to
reversal of the beneficial effect remain to be determined.
Whether these drugs could also decrease hepatocellular car-
cinoma risk should be further investigated.115,116 Since rese-
metirom is now an approved drug for MASH, future drug
development programmes will need to identify which drugs will
perform best in combination with resmetirom, while future real-
world studies will need to determine the added benefit of ad
hoc combinations of resmetirom in patients receiving incretin-
based therapies for obesity or diabetes.117 Hopefully, over
the next years, these questions will be answered so that pa-
tients with MASH can benefit from long-term, safe and highly
effective therapeutic regimens.
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