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Cognitive Vitality Reports® are reports written by neuroscientists at the Alzheimer’s Drug
Discovery Foundation (ADDF). These scientific reports include analysis of drugs, drugs-in-
development, drug targets, supplements, nutraceuticals, food/drink, non-pharmacologic
interventions, and risk factors. Neuroscientists evaluate the potential benefit (or harm) for brain
health, as well as for age-related health concerns that can affect brain health (e.g.,
cardiovascular diseases, cancers, diabetes/metabolic syndrome). In addition, these reports
include evaluation of safety data, from clinical trials if available, and from preclinical models.

Thyromimetics

Evidence Summary
Liver-targeted, THRB-selective thyromimetics may improve lipid metabolism in metabolic disorders.
Clinical studies suggest a good safety profile as long as the drugs act only in the liver.

Neuroprotective Benefit: CNS-penetrating thyromimetics may improve myelin repair, cerebral
metabolism, and inflammation. But it is unclear if safe ones could be developed due to the
central role of thyroid hormone regulation in the brain.

Aging and related health concerns: Liver-targeted THRB-selective thyromimetics may improve
hepatic lipid metabolism to benefit dyslipidemias and fatty liver disease.

Safety: Liver-targeted THRB-selective thyromimetics show a good safety profile in clinical
studies, without evidence of cardio or musculoskeletal toxicity. Larger, longer studies are
needed to fully assess the potential for systemic risks.
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Availability: In clinical trials Dose: Not established Resmetirom
In clinical trials: Chemical formula:

C17H1,Cl,N604
MW: 435.2g/mol

[4+]

Resmetirom 80-100 mg/day orally
VK2809: 5-10 mg/day orally

Half-life: BBB: Sobetirome and Sob-AM2 ) ’UYC/?N
Resmetirom: 2.5-7 hours (in rodents) are penetrant, others are liver- A I

targeted o” w7
VK2809: 13-41 hours
Clinical trials: Observational studies: . .
Resmetirom has been tested in a Phase 1 Hypothy.r0|c.||sm 1S assou.ated _W'th e s
(n=120), Phase 2 (n=125) in NASH, and ?efca?:“f' dlszrders and is a risk LR,
Phase 2 RCT (n=76) in or fatty liver disease. f
hypercholesterolemia. Source: PubChem

VK2809 has been tested in a Phase 1
(n=56)) and a Phase 2 RCT (n=59) in
NAFLD.

What is it?

Thyroid hormone is an important regulator of metabolism [1]. Thyroid hormone levels are under the
regulation of the hypothalamic-pituitary-adrenal (HPA) axis. Thyroxine (T4) and triiodothyronine (T3) are
the major thyroid hormones released from the thyroid gland. lodine deficiency or excess can impact
thyroid function because thyroid hormones contain iodine. The majority of thyroid hormone released by
the thyroid gland is in the form of T4, such that in humans the ratio between T4 to T3 is typically in the
range of 13:1 to 20:1 [2]. Additionally, most of the thyroid hormone is protein bound, with only a small
fraction of free circulating T4 or T3, which can be taken up into cells via transporters. Once inside cells,
thyroid hormone binds to thyroid hormone receptors (THR), which are nuclear hormone receptors that
act as ligand-gated transcription factors. These THR transcription factors bind to thyroid hormone
response elements to regulate gene expression. They can also interact with other nuclear hormone
receptors, such as the retinoid X receptor (RXR). While the general effect of thyroid hormone is to
increase the metabolic rate, the specific effect in any given cell type depends on the expression of
specific THR isoforms as well as the expression of interacting receptors. While both T4 and T3 can bind
to THRs, the affinity of T3 is around 10 to 15 fold higher, so the level of free T3 tends to be the major
driver of THR activity, and is considered the active form of thyroid hormone [3]. The iodination of
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thyroid hormone, which is controlled by the activity of deiodinases, influences its degree of activity [2].
T4 is converted to T3 by type | and Il deiodinases. Consequently, the type and expression level of the
different deiodinases in a given tissue can also influence the degree of thyroid hormone activity.

The dysregulation of thyroid hormone leads to metabolic disorders. In cases of global hypothyroidism,
supplementation with exogenous thyroid hormone can be a medically viable intervention. However,
there is evidence for local thyroid hormone dysregulation in a variety of different disorders, in which
case traditional thyroid hormone supplementation is not feasible due to the high risk for side effects in
other organ systems. High systemic levels of thyroid hormone can induce organ toxicity, especially to
heart, bone, and muscle. Thyromimetics were developed to try to circumvent this issue.

Different cell types preferentially express different THR isoforms [4]. The liver is critical in the regulation
of lipid metabolism, and predominantly expresses the THRB isoform. The cardiovascular and
musculoskeletal toxicities associated with thyroid hormone primarily stem from the THRa isoform.
Therefore, thyromimetics were developed which show preferential activity for THRB, and in most cases
also preferentially localize to the liver. These are primarily being developed for lipid-related metabolic
disorders including dyslipidemia and non-alcoholic fatty liver disease/ non-alcoholic steatohepatitis
(NAFLD/NASH).

Sobetirome: Sobetirome, also called GC-1, was the first THRB thyromimetic in clinical development [5].
The selectivity for THRB over THRa has been estimated to be 3 to 10 fold based on in vitro binding
assays, however, more physiologically relevant assays suggest it has only marginal (0 to 2 fold)
selectivity [6]. It was being developed by QuantRx Pharmaceuticals and was tested in a Phase 1 trial,
however development was discontinued [5]. Trials for adrenoleukodystrophy were also planned
(NCT01787578, NCT03196765), but withdrawn, due to lack of funding.

Sob-AM2: Sob-AM2 is an amide prodrug of sobetirome with increased CNS penetrance. It has a 60-fold
increase in the brain: serum ratio, related to sobetirome, and results in a nine-fold increase in brain
exposure levels to sobetirome (the active compound) [7]. It is currently being tested in preclinical
models for CNS disorders.

Eprotirome: Eprotirome, also called KB2115, was an early generation thyromimetic that was being
developed by Karo Bio for dyslipidemia [8]. It has relatively weak selectivity for THRB, and instead relies
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on liver specific localization. Development was discontinued due to evidence for extra hepatic effects in
a dog study, and evidence of potential liver toxicity in clinical trials.

Resmetirom: Resmetirom, also known as MGL-3196, is a next generation thyromimetic, which is the
most highly selective THRB thyromimetic in clinical testing, to date [9]. In functional assays, it shows a
12-to-15-fold selectivity for THRB [6]. Additionally, it shows preferentially localization and retention in
the liver due to low hepatic clearance [10]. It is being developed by Madrigal Pharmaceuticals for
NAFLD/NASH and hypercholesterolemia, and has been tested in Phase 2 RCTs for these indications.

VK2809: VK2809, also known as MBO7811, is a next generation thyromimetic [8]. It is more potent than
resmetirom, but is less selective for THRB, showing approximately two-fold selectivity in functional
assays, and relies on its liver specificity [6]. VK2809 is a prodrug that is cleaved by the cytochrome P450
enzyme CYP3A into the active compound, VK2809A, following first pass hepatic metabolism, and is
rapidly eliminated in the bile. VK2809 is being developed by Viking Therapeutics for NAFLD/NASH, and
has been tested in a Phase 2 RCT for this indication.

TG68: TG68 is a novel next generation thyromimetic showing good selectivity for THRB and hepato-
specificity [11]. It is a prodrug of IS25, a halogen-free THRPB agonist. It is currently in preclinical testing in
models of NAFLD/NASH.

Neuroprotective Benefit: CNS-penetrating thyromimetics may improve myelin repair, cerebral
metabolism, and inflammation. But it is unclear if safe ones could be developed due to the central role
of thyroid hormone regulation in the brain.

Types of evidence:
e 9 observational studies on the association of thyroid hormone and dementia
e 3 laboratory studies

Human research to suggest prevention of dementia, prevention of decline, or improved cognitive
function:

Thyroid hormone plays important roles in nervous system development, and numerous studies have
found associations between thyroid dysfunction and cognitive impairment, suggesting that thyroid
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hormone is also required for the maintenance of CNS functions throughout the lifespan [12]. Thyroid
dysfunction, manifest as clinical hypothyroidism or hyperthyroidism, is an established cause of
reversible cognitive impairment. There are additional studies to suggest that euthyroid individuals with
levels that fall within the extreme ends of the normal range (subclinical) may also be at elevated risk for
dementia. Thyroid stimulating hormone (TSH), can be considered a rheostat of thyroid hormone levels,
as it is produced by the pituitary gland when thyroid hormone levels are low. High TSH levels are
indicative of hypothyroidism, while low levels are indicative of hyperthyroidism. They are typically
within the range of 0.5-5 mU/L (UCLA Health).

In a study examining the relationship between serum and incident dementia including participants from
the Framingham Study (n=1,864), there was a U-shaped relationship between Alzheimer’s disease (AD)
risk and TSH levels (0.1 — 10 mU/L) in women [13]. The risk for AD was elevated in women who had the
lowest (TSH < 1.0 mU/L) (adjusted Hazard Ratio [HR] 2.39, 95% Confidence Interval [CI] 1.47 to 3.87), or
the highest (TSH >2.10 mU/L) (HR 2.15, 95% Cl 1.35 to 3.52) levels of serum TSH. Subsequent studies
provide additional evidence to support these findings. Cerebral amyloid burden, based on 18F-
florbetaben PET imaging, was found to be higher in individuals with serum TSH in the higher end of the
normal range (= 2.5 ulU/L) [14]. Subclinical hypothyroidism, based on low free serum T3 and elevated
TSH was found to be more prevalent in individuals with cognitive impairment relative to controls in a
case-control study [15]. TSH levels were also inversely associated with Mini-mental State Exam (MMSE)
scores, suggesting increasing thyroid hormone dysfunction with worsening cognition.

However, a large analysis of individual participant data from 23 cohorts (n= 74, 565) did not find a clear
relationship between thyroid function and cognition or dementia risk [16]. There are numerous other
studies indicating that low TSH is a risk factor for progression of cognitive impairment or that there is no
relationship. This likely relates to the alteration of the hypothalamic-pituitary-adrenal (HPA) axis in AD,
such that in more advanced stages of the disease there is a lack of correlation between TSH and thyroid
hormone (T4 and T3) measures. AD patients with greater variation across these measures, indicative of
a dysfunctional HPA axis, had reduced brain glucose uptake based on FDG-PET imaging [17]. Some
studies have found that the T4/T3 ratio is altered in AD, suggesting that the conversion of thyroid
hormone from its inactive (T4) to active (T3) form may be impaired [18]. In this way, different
associations may vary with the stage of disease.

Additionally, since thyroid hormone gets taken up into cells and exerts its actions locally, local changes
in active thyroid hormone (T3) signaling within the brain are more relevant than changes in systemic
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levels or surrogate markers. The inconsistencies across studies may stem from the extrapolation of brain
thyroid hormone activity from systemic measures, as thyroid hormone signaling may be maintained in
the brain in someone with low circulating levels, and there may be a brain-specific deficit in thyroid
hormone signaling in someone with normal systemic levels. Notably, a study in postmortem tissue found
that there were lower levels of active T3 relative to T4 within the brain itself at later Braak stages of AD
[19].

Evidence that deficits in the activation of thyroid hormone from T4 to T3 may be a driver of dementia
comes from a gene association study including 12,348 participants (3054 African Americans and 9304
European Americans) from the CHAP, ROS, and MAP cohorts [20]. A polymorphism (rs225014) in the
deiodinase, DIO2, Thr92AlaD2, which appears to impair the conversion of T4 to T3, was found to be
associated with 1.3 times (95% Cl 1.07 to 1.58) increased odds of developing dementia, for African
American carriers. There was also evidence of increased oxidative stress and mitochondrial dysfunction
in brain tissue from these carriers. The mean allele frequency of this polymorphism was relatively high in
both groups, but was significantly higher in African Americans than European Americans (43.9% vs
36.5%).

In early stages, such as mild cognitive impairment (MCI), an elevation in TSH may signify a strong
compensatory response, while in later stages, free T3 levels within the brain may be the only relevant
measure. Consistent with this, a study found that TSH was positively correlated with regional cerebral
blood flow, based on SPECT imaging, in MCI patients, while in AD patients free T3 was positively
correlated with cerebral blood flow [21]. Similarly, higher T3 levels were found to be associated with
greater volumes in particular brain regions, such as the hippocampus and amygdala [18]. Due to
potential discordance between serum T3 levels and brain T3 levels, the inconsistencies across studies
using serum thyroid hormone markers are unsurprising. Until brain levels of T3 can be adequately
assessed in vivo, the nature of the relationship between thyroid hormone and cognition/dementia risk
will be unclear.

While the evidence is mixed, one study of individuals with atrial fibrillation in Sweden (n = 12,057) found
that women treated with levothyroxine due to hypothyroidism had a lower rate of incident dementia
(HR 0.61, 95% Cl 0.41 to 0.90) [22].

Overall, the totality of evidence suggests that the dysregulation of thyroid hormone signaling in either
direction has a negative impact on cognitive function, and that levels need to be maintained within a
particular range. Regional hypothyroidism within the brain may be a common characteristic pattern
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associated with progression in AD, though it remains to be established whether it is a causal factor, or a
byproduct of neuronal loss in critical brain regions. The loss of thyroid hormone activating deiodinase
activity in the brain appears to be a contributor to this process, though it is not clear if tissue-selective
deiodinase modulation is a viable therapeutic target. While their utility remains to be established, CNS-
penetrant thyromimetics have the potential to act as a surrogate to maintain neuroprotective thyroid
hormone-mediated signaling in the context of low T3.

Human research to suggest benefits to patients with dementia:

CNS-penetrant thyromimetics are not yet clinically available and have not been tested in the context of
dementia.

Mechanisms of action for neuroprotection identified from laboratory and clinical research:

Thyroid hormone signaling plays numerous roles in the maintenance of brain function. Since both THRa
and THRP isoforms are expressed in the brain, thyromimetics with modest selectivity, such as
sobetirome, may be preferable. A primary concern for the clinical development of these agents will be
their potential effects on the central HPA axis [23].

Due to the important role of thyroid hormone in myelination, CNS thyromimetics have primarily been
studied in the context of multiple sclerosis models, such as EAE. Sob-AM2 has been developed as a
prodrug of sobetirome, which facilitates its entry into the CNS. In the rodent EAE model (MOG peptide-
induced), treatment with Sob-AM2, prior to the onset of EAE symptoms, reduced the infiltration of CD4
T cells, microglial activation, and the degree of CNS pathology [24]. However, treatment starting after
the onset of symptoms had no significant impact on disease course in this model. A separate study
administering Sob-AM2 with the same time course found that the effect on microglia was mediated by
the induction of TREM2, which was identified as a thyroid hormone-regulated gene [25]. A TREM2-
related microglial phenotype, such as increased phagocytosis and reduced pro-inflammatory cytokine
expression, could be induced via the presence of T3 or a thyromimetic, such as Sob-AM2. This suggests
that in addition to facilitating myelin repair by promoting the differentiation and survival of
oligodendrocyte precursor cells, thyromimetics may also modulate the inflammatory profile within the
CNS. These studies also suggest that thyromimetics may be best suited to early stages of disease, prior
to significant neuronal loss, which may be more amenable to the normalization of thyroid hormone-
mediated signaling.
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Thyroid hormone has been implicated in amyloid precursor processing and regulation. In the context of
in vitro assays, the thyromimetics sobetirome, 1S25, and TG68, were found to inhibit transthyretin (TTR)-
mediated amyloidosis [26].

APOE{ interactions: In observational studies, an interaction between T3 and ApoE4 has been identified
with respect to cognitive function [27]. Some studies have found that ApoE4 was associated with higher
levels of TSH and lower levels of free T3, indicative of hypothyroidism [28]. Furthermore, having low T3
has been associated with worse cognitive function in ApoE4 carriers [27]. Other studies suggest that
hypothyroidism may promote ApoE4-related pathology, by driving the transport of liver-derived ApoE4-
containing exosomes to the brain [29]. Together these studies suggest that ApoE4 carriers may be at
increased risk for hypothyroid-related cognitive impairment, and thus may preferentially benefit from
thyroid hormone normalizing therapies, such as thyromimetics.

Aging and related health concerns: Liver-targeted THRB-selective thyromimetics may improve hepatic
lipid metabolism to benefit dyslipidemias and fatty liver disease.

Types of evidence:
e 1 clinical trial for Sobetirome
e 3 clinical trials for Eprotirome
e 3 clinical trials for Resmetirom
e 2 clinical trials for VK2809
e 4 observational studies associating hypothyroidism with NAFLD/NASH
e Numerous laboratory studies

NAFLD/NASH: POTENTIAL BENEFIT

Thyroid hormone is an important regulator of hepatic lipid metabolism via the induction of hepatic
autophagy, beta-oxidation of fatty acids, and mitochondrial biogenesis [9]. A reduction in thyroid
function (hypothyroidism) is associated with metabolic syndrome. Hypothyroidism is associated with
increased risk for NAFLD, including subclinical hypothyroidism, defined as thyroid-stimulating hormone
(TSH) levels less than 4.5 milli-international units per liter (mIU/L) [30; 31]. NAFLD may be a
manifestation of liver-specific hypothyroidism, even if systemic levels are within normal range. Liver
biopsies from patients with NASH have shown that levels of the predominant hepatic thyroid hormone
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receptor, THRB, is inversely associated with NASH disease severity, along with evidence for a liver-
specific resistance to thyroid hormone [32]. A mutation in THRB, R243Q, which leads to THRB-related
thyroid hormone resistance was found to be associated with increased incidence of hepatic steatosis in
a case-control study (n=21 cases; 22 controls). Since THRP is most abundant in the liver, many THRpB-
targeted thyromimetics have been tested in the context of NAFLD/NASH. The results of the clinical
studies conducted thus far have been promising [9]. The development of early compounds was derailed
by safety concerns, but newer compounds currently in development appear to have an improved
therapeutic profile.

Resmetirom (MGL-3196): A Phase 2 RCT (NCT02912260) (n=84 resmetirom, n=41 placebo) was
conducted testing resmetirom in biopsy-confirmed NASH (fibrosis stage 1-3 with hepatic fat fraction of
at least 10%) [33]. The starting dose was 80 mg for the first four weeks, then it was adjusted down to 60
mg (n=37), up to 100 mg (n=5), or stayed at 80 mg (n=42) for the remainder of the 36-week study, based
on the estimated AUC at week 2. The primary outcome was the change in MRI-proton density fat
fraction (MRI-PDFF) at week 12, which is a measure of hepatic triglycerides. There was a greater
reduction in hepatic fat with resmetirom relative to placebo at week 12 (-32.9% resmetirom vs -10.4%
placebo; least squares mean difference [MD] -22.5%, 95% Cl -32.9 to -12.2%), and at week 36 (-37.3%
vs —8.5%; MD -28.8%, 95% Cl -42.0 to -15.7%). A hepatic fat reduction of >29% correlates with a
reduction in biopsy-based NASH resolution. A greater proportion of resmetirom-treated patients
achieved a >30% reduction in liver fat at weeks 12 (60% vs 18%) and 36 (68% vs 30%), and unlike in the
placebo group, these improvements could not be attributed to a substantial body weight loss. Patients
with a resmetirom exposure of area under the curve (AUC) 22700 ng*h/mL, which generally occurred at
the 80 and 100 mg doses, showed greater hepatic fat loss. For these doses, there was a 50.5% relative
and 10.8% absolute hepatic fat reduction. These doses also showed significant reductions in atherogenic
lipoproteins (small LDL -34.3%, large VLDL >-50%). By 36 weeks, the average reduction in alanine
aminotransferase (ALT) was 40%, with 60% of resmetirom-treated patients achieving levels below 30
U/L (vs 30% in placebo). Fibrosis markers, including enhanced liver fibrosis (-0.48) and N-terminal type
Il collagen propeptide (-21.4 ng/ml), were also significantly reduced with treatment. MRI-PDFF
responsiveness was associated with NASH resolution on biopsy. NAFLD activity scores (NAS) =5 are
considered severe disease. Notably, none of the placebo patients with NASH resolution had NAS 25,
while 39% (n=18) of resmetirom-treated patients with NASH resolution had NAS >5 at baseline. Health-
related quality of life was also assessed via questionnaire (Short form-36). Resmetirom treatment was
associated with improvements on bodily pain (+6.31 £ 2.67) and Short form-6D utility scores (+0.027 +
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0.012). Response on the MRI-PDFF was associated with greater improvements on physical function
scores [34].

In an open-label extension study, non-responders (n=31) were re-randomized to 80 or 100 mg
resmetirom for an additional 36 weeks [35]. In this population, all patients had at least a 20% relative
reduction, and 85% had at least a 30% reduction in hepatic fat based on MRI-PDFF (mean -52.3%
14.4%). Relative to baseline, there were also significant reductions in LDL-c cholesterol (-26.1% +4.5%),
apolipoprotein B (-23.8% * 3.0%), and a reduction of —46.1 + 14.5 mg/dL in triglycerides (-19.6% +5.4%).
Additionally, there were reductions in fibrosis markers, and hepatic inflammation markers (reverse T3).

The effects seen in these studies are consistent with what has been seen with resmetirom in preclinical
rodent models. In a diet-induced obesity NASH model, resmetirom treatment (3 mg/kg) for eight weeks
reduced hepatic fat, alanine aminotransferase levels, plasma and liver cholesterol levels, as well as
markers of hepatic fibrosis, without significantly affecting total body weight [36]. The expression levels
of genes involved in fatty acid synthesis and beta-oxidation were not significantly impacted, suggesting
that the lipid lowering effects may involve post-transcriptional mechanisms. In human liver cells,
resmetirom was found to be around 1000-fold less potent at activating thyroid hormone receptor-
activated gene transcription, relative to the endogenous ligand, T3 [6]. While less potent than T3,
resmetirom was still able to significantly reduce total cholesterol, LDL-c, and triglycerides, in a dose-
dependent manner.

VK2809: VK2809 (5 mg daily, 10 mg daily, or 10 mg every other day, orally) was tested in a placebo-
controlled Phase 2 RCT (n=59) in patients with primary hypercholesterolemia and NAFLD
(NCT02927184). At week 16, four weeks after the completion of the treatment period, VK2809
treatment was associated with the maintenance of liver fat loss, relative to placebo (Press release) [37].
A significantly greater percentage of VK2809-treated patients had a reduction in liver fat 230% (70.4% vs
22%), as well as significantly greater relative fat reduction (-45.5% vs18.7%) and absolute fat reduction (-
7.5% vs -2.0%) on MRI-PDFF, compared to placebo-treated patients. The response rate in the 5 mg daily
dose group was 100%. Fifty-six percent of VK2809-treated patients maintained an absolute liver fat
reduction 25%, compared to none in the placebo group. VK2809-treated patients also showed a greater
mean change from baseline in alanine aminotransferase levels (-57.4% vs -2.1%), relative to placebo, at
12 weeks. Efficacy was not impacted by baseline blood glucose levels.

Based on these results, VK2809 (1 mg, 2.5 mg, 5 mg, or 10 mg daily, as oral capsules) is being tested in a
Phase 2b 52-week placebo-controlled RCT (VOYAGE) in patients with biopsy proven NASH with fibrosis
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(n=337) (NCT04173065). The primary outcome is relative change in liver fat based on MRI-PDFF at week
12, and the secondary outcome is the change in NASH CRN fibrosis score at week 52.

TG68: TG68 is the pro-drug of I1S25, a novel halogen-free THRP selective agonist, based on the scaffold of
sobetirome, which was found to have a good toxicology profile [38; 39]. In a diet-induced mouse model
of NAFLD, treatment with TG68 (2.8 or 9.35 mg/kg) was found to be comparable to resmetirom in
reducing liver fat, ameliorating histopathological signs of NAFLD, and reducing aminotransferase liver
enzymes [11]. The expression of genes involved in de novo lipogenesis were not affected, while there
was an effect on genes involved in fatty acid oxidation.

Dyslipidemia: POTENTIAL BENEFIT

Thyroid hormone plays an important role in metabolic homeostasis, as various critical steps in lipid
metabolism are under thyroid hormone control [8]. The effects of thyroid hormone are cell-type specific
based on the expression of transporters that allow for cellular uptake of thyroid hormone, as well as the
subtype of thyroid hormone receptor expressed. THRB, the predominant subtype in the liver, plays
essential roles in mediating hepatic metabolism, and thus changes in THRP signaling are implicated in
liver-associated diseases. Thyromimetics targeting liver THRB have been found to have lipid regulating
properties. These include the plasma clearance of LDL-c via hepatic LDLR, reducing levels of hepatic fatty
acid and triglyceride synthesis via SREBP-1c, and reducing hepatic cholesterol via the rate-limiting
enzyme in the conversion of cholesterol into bile acids, CYP7A1. While seen in preclinical models, it is
unclear which of these mechanisms are most relevant in the clinical lipid lowering effects of
thyromimetics in humans. The specificity of these agents for liver THRB is key to their therapeutic
profile, as activity outside of the liver can derail clinical development, due to the emergence of systemic
toxicity.

Sobetirome (GC-1): Sobetirome (SAD up to 450 pg; MAD up to 100 ug) was tested in a Phase 1 placebo-
controlled RCT (SAD n=32; MAD n=24) (Press release). With single doses, LDL-c was reduced up to 22%,
compared to 2% for placebo, while multiple doses over two weeks led to LDL-c reductions up to 41% (vs
5% for placebo). Despite a lack of evidence for toxicity in this study, development of sobetirome for this
indication has been discontinued, likely due to the unanticipated evidence of toxicity that emerged in
later clinical stages for other thyromimetics, at the time [8].

Eprotirome (KB2115): In a Phase 1 study in overweight individuals with hypercholesterolemia (n=24),
treatment up to 200 ug for two weeks reduced LDL-c up to 40% (175 mg/dl to 105 mg/dl), compared to
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an up to 11% reduction with placebo [40]. No significant effects on HDL-c, lipoprotein(a), or serum
triglycerides were seen, though a trend toward reduced triglycerides was seen in individuals with
elevated levels at baseline. The effects were associated with an increase in the catabolism of cholesterol
to bile acids, without significantly altering whole body cholesterol synthesis. In a 12-week Phase 2 RCT in
statin-treated (simvastatin and atorvastatin) patients with hypercholesterolemia (n=189), the addition
of eprotirome (25, 50, or 100 ug), further reduced serum LDL-c from 141 mg/dl to 113, 99, and 94
mg/dl, respectively, compared to a 7% reduction (to 127 mg/dl) with placebo + statin [41]. Dose-
dependent reductions were also seen with apoB (20-30%), serum triglycerides (16-33%), and
lipoprotein(a) (27-43%). Aside from mild and reversible elevations in alanine aminotransferase levels, no
major adverse events were seen in these studies. However, in a Phase 3 trial in patients with familial
hypercholesterolemia (n=236), in addition to significantly reducing plasma LDL-c, apoB, triglycerides,
and lipoprotein(a), eprotirome showed evidence of liver toxicity, and the trial was terminated [42].

Resmetirom: In a Phase 1 trial (SAD n=72, MAD n=48), no significant effects on lipids were observed
with single dose administration. With treatment for two weeks, doses of 50 to 200 mg led to significant
reductions in LDL-c (up to 30%), non-HDL-c (up to 28%), and apoB (up to 24%), as well as a trend for
triglycerides (up to 60%), with near maximal effects at the 80 mg dose [43]. Significant reductions in
atherogenic lipoproteins were also seen in a Phase 2 RCT in NASH [33]. Resmetirom was tested in a
Phase 2 placebo-controlled RCT in patients with heterozygous familial hypercholesterolemia
(NCT03038022) (n=113) [44]. The starting dose of resmetirom was 100 mg, and was titrated down to 60
mg based on plasma levels at two weeks in a subset (22/76). By week 12, resmetirom reduced LDL-c by
18% (95% Cl —27.8% to —9.8%) relative to placebo, with a mean difference of —27 mg/dL (95% Cl —38.4 to
—15.5 mg/dL). The reduction was dose dependent (100 mg -14.9%; 60 mg -9.7%). There were also
significant reductions from baseline to week 12, compared to placebo in triglycerides (-18.3+ 3.2% vs
+4.4 + 4.1%), apoB (-14.2 + 1.7 vs +7.2 + 4.6%), and lipoprotein(a) levels (-21.8 + 2.9% vs 3.8 £2.4%).

VK2809: In a Phase 1 trial in individuals with mild hypercholesterolemia (n=56), treatment with VK2809
(0.25 to 40 mg) for 14 days led to significant reductions in atherogenic lipids [45]. At doses greater than
5 mg, there were placebo-adjusted reductions up to 41.2% in LDL-c, up to 78.6% in triglycerides, and up
to 44.2% in non-HDL-c, as well as reductions in apoB and lipoprotein(a), without significantly affecting
HDL-c. A Phase 2 RCT in patients with primary hypercholesterolemia and NAFLD (n=59),

achieved its primary outcome of a significant reduction in LDL-c, relative to placebo, at 12 weeks (Press
release). Patients were treated with oral doses of VK2809 5 mg daily, 10 mg daily, or 10 mg every other

Conquering Alzheimer’s 57 West 57th Street, Suite 904 CognitiveVitality.org 12
Through Drug Discovery New York, New York 10019 AlzDiscovery.org


https://www.alzdiscovery.org/
https://clinicaltrials.gov/ct2/show/NCT03038022
https://ir.vikingtherapeutics.com/2018-11-12-Viking-Therapeutics-Presents-Results-from-Phase-2-Study-of-VK2809-in-Patients-with-Non-Alcoholic-Fatty-Liver-Disease-NAFLD-and-Elevated-LDL-Cholesterol-in-Oral-Late-Breaker-Presentation-at-The-Liver-Meeting-R-2018
https://ir.vikingtherapeutics.com/2018-11-12-Viking-Therapeutics-Presents-Results-from-Phase-2-Study-of-VK2809-in-Patients-with-Non-Alcoholic-Fatty-Liver-Disease-NAFLD-and-Elevated-LDL-Cholesterol-in-Oral-Late-Breaker-Presentation-at-The-Liver-Meeting-R-2018

Alzheimer’s O

Drug Discovery Cognitive
Foundation Vitality.org Last updated on June 28, 2022

day. There was a 21.8% placebo-adjusted reduction in LDL-c with VK2809 treatment, as well as
significant reductions in apoB and lipoprotein(a).

Hepatocellular carcinoma: POTENTIAL BENEFIT (Preclinical)

Thyroid hormone signaling is altered in the context of HCC. In resected liver tissue from patients with
HCC (n=45), the expression of THRB was found to be downregulated in 66% of cases [46]. In rats, a short
course of T3 treatment was able to revert the expression profile of the cancerous tissue to that of
normal liver tissue, particularly with respect to metabolic genes [46]. The induction of T3/THRP signaling
reverted the metabolic profile of the cells from Warburg (aerobic glycolysis) to oxidative
phosphorylation, and had an anti-tumorigenic effect.

Safety: Liver-targeted THRB-selective thyromimetics show a good safety profile in clinical studies,
without evidence of cardio or musculoskeletal toxicity. Larger, longer studies are needed to fully assess
the potential for systemic risks.

Types of evidence:
e 1 clinical trial for Sobetirome
e 3 clinical trials for Eprotirome
e 3 clinical trials for Resmetirom
e 2 clinical trials for VK2809
e Numerous laboratory studies

The safety of clinically tested thyromimetics appears to depend on both their selectivity for THRpB, as
well as their tissue localization profile. Thyromimetics were designed to circumvent the issues of
systemic toxicity, particularly with respect to the cardiovascular system and musculoskeletal system,
associated with systemic administration of thyroid hormone, which will activate all thyroid hormone
receptor isoforms. These toxic effects are primarily mediated by THRa.

Sobetirome: Sobetirome was generally well-tolerated in Phase 1 clinical trials, at single doses up to 450
ug and multiple doses (for 14 days) up to 100 ug (Press release). There were no reported extra hepatic
effects in these studies [8]. However, sobetirome has very low selectivity for THRB, which increases its

potential for toxicity, in conditions where it would be present outside of the liver [6].
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Eprotirome: In Phase 1 trials, at single doses up to 2,000 pg, and multiple doses up to 200 pug (for 14
days), eprotirome was generally well tolerated, with no study withdrawals or serious adverse events
[40]. There were no signs of musculoskeletal or cardiovascular side effects related to heart rate, ECG,
QTc, or blood pressure. The most common drug-related adverse event was mild increases in liver
aminotransferase enzymes (ALT and AST), with one patient having levels greater than three times the
normal limit. In a Phase 2 RCT in patients with hypercholesterolemia taking statins, treated with 25, 50,
or 100 pg eprotirome for 12 weeks, there were no significant effects on bone or heart-related measures
[41]. There were no significant effects on body weight, heart rate, blood pressure, QTc, or ECG. There
were no adverse effects on sexual function or testosterone levels. The majority of adverse events were
mild or moderate, including transient increases in liver aminotransferase enzymes. Two patients had
levels greater than three times the normal limit. A Phase 3 RCT in patients with primary
hypercholesterolemia was terminated for safety concerns [42]. There were significant increases in the
liver enzymes, ALT, AST, conjugated bilirubin, and gamma-glutamyl transpeptidase. Four patients
discontinued due to aminotransferase elevations three to seven times the normal level. The trial had
been terminated due to a toxicology finding in a preclinical study in dogs showing a toxic effect on
cartilage. The cellular uptake of thyroid hormone and some thyromimetics relies on the expression of
specific transporters. The transporter MCT8 is expressed in cartilage-forming cells, and may have
mediated the effect seen in the dog study [47]. In vivo, the selectivity of many thyromimetics for THR
appears to be lower than anticipated based on in vitro assays, and their capacity to enter into tissues
outside of the target organ [6], which is generally the liver, is a major determinant of their toxicity
potential.

Resmetirom: In Phase 1 studies in single and multiple doses (14 days) up to 200 mg, resmetirom was
well-tolerated [43]. Adverse events were mild, and not considered drug related. There were no effects
on vital signs, liver enzymes, or cardiovascular parameters (ECG, QTc, blood pressure). In a Phase 2 RCT
in patients with NASH, with doses at 60 or 80 mg, adverse events were mild and moderate and the only
events more common with resmetirom were nausea and diarrhea, which were transient during therapy
initiation [33]. Vital signs were not affected, and there were no significant effects on bone or
cardiovascular parameters. The decrease in liver enzymes was related to the therapeutic response.
Resmetirom, at doses of 80 or 100 mg, had a similar safety profile during the open label extension trial,
with no increased incidence of gastrointestinal events [35]. In a Phase 2 RCT in patients with familial
hypercholesterolemia, treated with doses of 60 or 80 mg resmetirom, there was a similar adverse event
profile to the NASH trial, with increased incidences of nausea (20.5%) and diarrhea (19.2%) [44]. Vital
signs and cardiovascular parameters were not changed.
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VK2809: In a Phase 1 trial testing doses up to 40 mg for 14 days, VK2809 was well-tolerated with no
serious adverse events [45]. There were no changes to vital signs or cardiovascular parameters, such as
ECG or cardiac rhythm. The most common was a mild increase (up to 1.5 times normal levels) in ALT,
primarily at the highest doses. In a Phase 2 RCT in patients with NAFLD, VK2809 (5 mg or 10 mg) for 12
weeks was well-tolerated and not associated with any serious adverse events [37].

TG68: This novel, selective THRB thyromimetic has not yet been clinically tested. It is the prodrug of
IS25. Both compounds were found to have low potential for toxicity in in vitro cytotoxicity and ADME-
Tox assays [38]. In vivo, TG68 administration did not show any evidence of hepatotoxicity, cardiotoxicity,
or renal hypertrophy [11; 39].

Sob-AM2: This sobetirome pro-drug has not yet been clinically tested, and the preclinical studies
conducted thus far have not adequately addressed its safety potential [23]. A primary concern for Sob-
AM2 will be its ability to impact the central HPA axis, which primarily relies on THRB [23].

Drug interactions: The specific interactions will vary depending on the drug, for example VK2809 will
interact with CYP3A inhibitors, since that enzyme is critical for its mechanism of action. Other
interactions will be common to the class, such as those that impact thyroid function or thyroid hormone
levels.

Sources and dosing:

None of the THRP thyromimetics have yet been approved for any clinical condition. The clinical
development of sobetirome and eprotirome has been discontinued. Resmetirom is being developed by
Madrigal Pharmaceuticals for NAFLD/NASH, and is being tested at oral doses of 80 to 100 mg/day.
VK2809 is being developed by Viking Therapeutics for NAFLD/NASH, and is being tested at oral doses
from 1 to 10 mg/day. Sob-AM2 and TG68 are still in preclinical testing within academia. Sob-AM2 comes
from the lab at Oregon Health and Science University which first tested sobetirome [7], while TG68
comes from labs at the University of Pisa [48].

Research underway:

According to Clinicaltrials.gov, there are four active clinical trials testing thyromimetics in NAFLD/NASH.
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Resmetirom is being tested in a Phase 3 RCT (MAESTRO-NASH) to evaluate its safety and efficacy in
NASH with fibrosis (NCT03900429), a Phase 3 RCT (MAESTRO-NAFLD1) to evaluate safety and
biomarkers in NAFLD (NCT04197479), as well as Open-label extension of these studies (MAESTRO-
NAFLD-OLE) (NCT04951219).

VK2809 is being tested in a Phase 2B RCT in biopsy-proven NASH (VOYAGE) (NCT04173065).
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