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Abstract

Metabolic disorders, including metabolic dysfunction-associated fatty liver disease
(MAFLD), obesity, and dyslipidemia, impose a substantial and escalating global health
burden, highlighting an urgent need for effective pharmacotherapies. Selective modula-
tion of nuclear receptors (NRs) has emerged as a promising strategy to restore metabolic
homeostasis. This review focuses on three therapeutically pivotal yet under-explored NRs:
thyroid hormone receptor 3 (TR3), estrogen-related receptor & (ERR«), and liver X receptor
(LXRe/B). We critically examine recent advances in the development of small-molecule
modulators for these targets and discuss their translational potential. TR agonists, in-
cluding resmetirom (MGL-3196) and VK2809, have demonstrated compelling efficacy in
clinical trials for metabolic dysfunction-associated steatohepatitis (MASH), significantly
reducing hepatic steatosis and fibrosis. Next-generation hepatoselective modulators such
as TG68 enhance tissue specificity and potency. ERRa, a master regulator of mitochondrial
biogenesis and energy metabolism, is targeted by inverse agonists (compound 29, GSK5182)
and agonists (JND003, SLU-PP-915), which show promise in ameliorating insulin resis-
tance and promoting lipid oxidation in preclinical obesity models. LXRs, central players
in cholesterol homeostasis, are the focus of innovative drug design aimed at harnessing
atheroprotective benefits via LXR[3-selective or partial agonists, thereby circumventing
adverse effects on triglyceride synthesis. Collectively, the ongoing development of TR,
ERR«, and LXR modulators exemplifies a new frontier in precision medicine, offering
powerful approaches to reprogram dysregulated metabolic pathways with substantial
promise for treating metabolic diseases.

Keywords: nuclear receptors; metabolic disorders; targeted therapy; thyroid hormone
receptor 3; estrogen-related receptor «; liver X receptor; small-molecule modulators; non-
alcoholic fatty liver disease; mitochondrial biogenesis

1. Introduction

Metabolic disorders represent a major and escalating global health challenge, contribut-
ing significantly to mortality, morbidity, and socioeconomic burden [1]. Table 1 highlights
the global mortality burden attributable to key metabolic risk factors.
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Table 1. Global mortality attributable to key metabolic risk factors.

. o Estimated Global Mortality/ Key
Risk Factor/Condition Attributable Deaths Sources
High LDL-Cholesterol ~4.40 million deaths in 2019 (3.78 million [2,3]
(Hypercholesterolemia) IHD, 0.61 million ischemic stroke) !

High Fasting Plasma ~6.50 million deaths in 2019, including [4-6]
Glucose/Diabetes Risk cardiovascular, stroke, and kidney disease
High Body ~5.02 million deaths in 2019, mostly [7-9]
Mass Index (Obesity) cardiovascular
High Blood Pressure ~10.85 million deaths in 2021 [9,10]
(Hypertension)
MASH ~34,700 deaths from liver cancer [11]

attributable to MASH

Obesity, MAFLD, MASH, and atherosclerosis constitute interconnected manifestations
of a common pathological spectrum driven by insulin resistance, chronic low-grade inflam-
mation, endothelial dysfunction, and disrupted lipid and glucose metabolism [12]. Obesity,
affecting over one billion individuals worldwide, serves as the primary modifiable risk
factor, promoting the development of MAFLD, type 2 diabetes (T2D), and cardiovascular
disease (CVD) [13,14]. MAFLD, currently the leading cause of chronic liver disease, affects
approximately 30% of adults globally and substantially increases risks of cirrhosis, hepa-
tocellular carcinoma (HCC), and cardiovascular complications [15]. Atherosclerosis, the
principal cause of myocardial infarction and stroke, remains the leading cause of death
worldwide, with rising prevalence in low- and middle-income countries attributable to
westernized lifestyles and epidemiological transition. These conditions frequently coex-
ist, amplifying risks of severe outcomes; however, public awareness and early diagnosis
remain inadequate. Effective management requires integrated strategies combining nu-
trition, physical activity, reduced sedentary behavior, food-environment regulation, and
the development of novel pharmacological therapies. Recent advances in glucagon-like
peptide-1 receptor agonists (GLP-1 RAs) and sodium-glucose cotransporter-2 inhibitors
(SGLT2i) have shown promise for obesity and MASH management [16,17].

Nuclear receptors (NRs) constitute a superfamily of ligand-activated transcription
factors fundamental to metabolism, development, and physiological homeostasis [18].
NRs can be classified into four principal categories. Type I receptors are steroid hormone
receptors that typically remain inactive in the absence of a ligand and migrate to the nucleus
upon ligand binding. Type II receptors, commonly known as non-steroid receptors, are
usually nuclear and can bind DNA in the presence or absence of ligands, often forming
heterodimers with retinoid X receptors (RXRs). Type III receptors, also called orphan
receptors, lack identified endogenous ligands yet share structural features with other NRs.
Type IV receptors function as monomeric DNA-binding proteins, binding specific hormone
response elements (HREs) independently and regulating distinct target gene sets [19].
Each receptor subtype plays a distinct role in controlling essential physiological processes,
including metabolic balance, inflammatory responses, endocrine signaling, and cellular
differentiation. Mainly, NRs are controlled by endogenous small lipophilic molecules,
while others remain “orphan” receptors with no identified physiological ligand. Ligand
engagement induces conformational changes enabling DNA binding at specific response
elements genome-wide. Upon chromatin binding, NRs recruit coregulators, chromatin-
remodeling complexes, and components of the general transcription assembly to activate
or repress gene expression [20]. Functioning as molecular sensors, they integrate hormonal,
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nutritional, and metabolic cues into transcriptional programs governing lipid metabolism,
glucose regulation, energy balance, and inflammatory responses. Consequently, NRs are
regarded as “master regulators” of metabolism and represent key therapeutic targets for
metabolic diseases [21].

Beyond the metabolic NRs discussed in detail in this review, additional NR family
members, notably the glucocorticoid receptor (GR) and retinoid X receptors (RXRs), play
critical roles in the regulation of lipid and glucose metabolism. GR, a Type I steroid hor-
mone receptor, is a central regulator of energy homeostasis, modulating gluconeogenesis,
insulin sensitivity, adipose tissue distribution, and lipid mobilization in response to stress
and circadian cues. Dysregulated GR signaling contributes to insulin resistance, visceral
obesity, dyslipidemia, and hepatic steatosis, linking chronic glucocorticoid exposure to
metabolic syndrome and cardiometabolic disease. RXRs serve as obligate heterodimeric
partners for many Type II NRs, including PPARs, LXRs, FXR, TRs, and VDR, acting as
integrative hubs that coordinate lipid, glucose, cholesterol, and bile acid metabolism across
tissues. RXR ligand availability and permissive versus non-permissive heterodimer be-
havior critically influence downstream transcriptional outcomes, highlighting RXRs as
active modulators of metabolic network integration rather than passive binding partners.
Consequently, alterations in RXR signaling can amplify or constrain the metabolic actions
of multiple partner receptors simultaneously, underscoring their relevance in metabolic
disease pathophysiology and therapeutic targeting [20-22].

Metabolic NRs, including peroxisome proliferator-activated receptors (PPARs), LXRs,
farnesoid X receptor (FXR), pregnane X receptor (PXR), thyroid receptors (TRs), and
estrogen-related receptors (ERRs), belong to Type II NRs and serve as key regulators
of lipid uptake, fatty acid oxidation (FAO), cholesterol homeostasis, bile acid synthesis,
and clearance pathways. These receptors form heterodimers with retinoid X receptors
(RXRs) and directly bind to hormone response elements (HREs) on DNA to modulate gene
transcription, even in the absence of ligands [22]. This mechanism enables Type II receptors
to maintain precise transcriptional control, fine-tuning multiple physiological processes.
Type Il receptors are crucial not only for maintaining metabolic homeostasis but also for
supporting many other important physiological processes [23]. The potential of these to
recruit corepressors and coactivators further refines transcriptional regulation, positioning
them centrally in both normal physiology and disease pathogenesis. Dysregulation has
been linked to metabolic disorders, neurodegenerative diseases, cancer, and inflammatory
conditions, underscoring their therapeutic relevance.

Within the metabolic NR family, PPARx promotes hepatic FAO, PPARYy orchestrates
adipogenesis and insulin sensitivity, FXR governs bile acid metabolism, and LXR regu-
lates cholesterol turnover. Disruption of these pathways contributes to insulin resistance,
dyslipidemia, and hepatic steatosis. Clinically, several approved drugs act via metabolic
NRs: fibrates (PPARx agonists) for hyperlipidemia, thiazolidinediones (PPARy agonists)
for T2D, while FXR agonists remain in development for MASH. Achieving receptor selec-
tivity while minimizing adverse effects remains challenging, prompting the development
of alternative ligand strategies such as partial agonists and selective PPAR modulators
(SPPARMSs). These recruit coactivators less strongly than full agonists, preserving metabolic
efficacy while reducing side effects, including weight gain, edema, and cardiovascular
complications [24-27]. Beyond classical metabolic receptors, emerging NRs (TR, ERR«,
LXRo/ ) are increasingly recognized for roles in lipid and glucose metabolism, mitochon-
drial biogenesis, and energy expenditure. These receptors represent promising therapeutic
targets for MAFLD/MASH, obesity, and T2D. Understanding their structure-function
relationships, ligand specificity, and tissue-selective actions may enable the development of
safer, more effective metabolic therapies [28,29].
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The purpose of this review is to present a critical overview of recent advances in selective
pharmacological modulation of TR3, ERRe, and LXR«/ 3, focusing on their therapeutic potential
for treating metabolic disorders (MAFLD, obesity, dyslipidemia). We examine small-molecule
modulator development, evaluate preclinical and clinical efficacy, and discuss translational
prospects for precision medicine in reprogramming dysregulated metabolic pathways.

2. Structural Biology and Activation Mechanisms of NRs
2.1. A Common Blueprint

Although NRs regulate an extraordinarily broad spectrum of physiological func-
tions, nearly all superfamily members share a conserved modular domain organization.
This common structural framework underpins their remarkable versatility. The modular
architecture, where distinct regions specialize in ligand sensing, DNA recognition, or en-
gagement with transcriptional coregulators, enables NRs to detect chemical signals and
convert them into precisely calibrated transcriptional outputs. Over evolutionary time,
this blueprint has been refined to balance the structural rigidity needed for recognizing
specific DNA response elements with localized flexibility in domains mediating ligand
binding and cofactor recruitment [20,30,31]. Consequently, even subtle sequence changes
or conformational adjustments within a single domain can markedly influence receptor
behavior across the family. Thus, this “shared blueprint” functions not only as a structural
definition but also as a conceptual lens for understanding how NRs integrate molecular
cues into coordinated gene regulatory programs.

Structurally, NRs exhibit several hallmark modules [20,32] (Figure 1). The DNA-
binding domain (DBD), the most highly conserved region within the NR superfamily,
identifies hormone response elements (HREs) in target genes. The C-terminal ligand-
binding domain (LBD) binds small lipophilic ligands and governs receptor activation,
dimerization, and coregulator interactions [33,34]. The LBD also contains the activation
function-2 (AF-2) surface, formed by helices 3, 4, and 12 [20,35], although this structural
arrangement is not universal across the NR superfamily. Helix 12, also termed the activation
function helix (AF-H), is conformationally dynamic, shifting in response to ligand binding
to reposition AF-2, enabling selective interactions with co-regulatory proteins. Notably,
atypical NRs such as Rev-Erba/ 3 lack a canonical helix 12 and functional AF-2 surface and
therefore act predominantly as transcriptional repressors. In contrast, the N-terminal AF-1
domain can modulate transcription independently of ligand binding [36].

(A) Activation Hinge Activation
function 1 (AF-1) Region function 2 (AF-2)
DA s | c o] e |- o
DNA Binding Ligand Binding
Domain Domain
(DBD) (LBD)

(B)

Figure 1. Modular domain organization of NRs. (A) NRs exhibit a conserved blueprint characterized
by an unstructured N-terminal region (A /B) containing the AF-1 surface, a central DBD, a flexible
hinge region (D), and an LBD that accommodates ligands and interacts with coregulatory proteins
through the AF-2 surface. This canonical organization does not apply to all NRs, as some atypical
members (e.g., Rev-Erbo/3) lack helix 12 and a functional AF-2 domain. (B) Domain dimensions
and amino acid lengths of TR, LXR, and ERR«.
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NRs predominantly pair with RXR to form heterodimers. In the absence of ligand,
corepressors maintain target genes in repressed configurations. Ligand binding triggers
conformational rearrangements promoting coactivator recruitment, shifting receptors into
transcriptionally active states. This ligand-dependent switch allows NRs to fine-tune
metabolic gene networks in response to hormonal and nutritional signals.

2.2. Molecular Basis of Ligand Binding and Transactivation

The molecular basis of ligand-dependent transactivation in NRs relies on a conserved
conformational switch within the LBD. Agonist engagement activates the receptor, which
binds HREs to control gene transcription. Ligand binding stabilizes the hydrophobic LBD
pocket and triggers coordinated rearrangement of its x-helical framework, culminating in
helix 12 repositioning. Helix 12, also termed AF-2, is essential for recruiting coactivator
proteins [37] in NRs that possess a canonical AF-2 domain.

In the agonist-bound conformation, helix 12 folds over the ligand-binding pocket
and, together with helices 3 and 4/5, forms a charged interaction surface accommodating
coactivators through characteristic LXXLL motifs, also known as NR boxes. These are
short «-helical peptide motifs consisting of a conserved Leu-X-X-Leu-Leu sequence [38].
These motifs create hydrophobic interfaces allowing coactivators from multiple families,
including members of the p160/SRC family (SRC-1, SRC-2, SRC-3), metabolic coactivators
such as PGC-1¢, and additional coregulators such as RIP140, TRAP /Mediator complex
subunits, and ASC1/2 to bind selectively to activated receptors.

The LBD also mediates higher-order assembly processes (dimerization, tetrameriza-
tion) critical for high-affinity DNA regulatory element binding. A flexible hinge region
connects the LBD to the DBD; this segment may contain nuclear localization signals (NLS) in
several, but not all, NRs, and influences intracellular trafficking and subcellular distribution
of hormone-receptor complexes.

Once recruited, coactivators, many possessing histone acetyltransferase (HAT) activity
or acting as scaffolds for chromatin-remodeling complexes, promote chromatin relax-
ation, thereby allowing efficient assembly of the transcriptional machinery at promoter
regions [39,40]. In many NRs, ligand binding functions as a structural trigger converting
receptors from inactive to active states; however, some receptors, such as estrogen-related
receptors (ERRs), display constitutive transcriptional activity even in the absence of en-
dogenous ligands.

In many receptors, ligand absence results in cytoplasmic sequestration by molecular
chaperones (heat shock protein 90 [HSP90], HSP70), maintaining receptors in inactive
configurations, a well-established mechanism for several Type I steroid receptors (e.g.,
glucocorticoid and mineralocorticoid receptors), where the chaperone complex stabilizes
the unliganded receptor and masks nuclear localization signals prior to ligand binding.
However, this cytoplasmic retention is not a universal feature of all NRs: many Type II
receptors (such as TR, RAR, and RXR) are predominantly localized to the nucleus regard-
less of ligand status and are regulated mainly through dynamic corepressor/coactivator
exchange at DNA response elements.

A representative diagram of the transactivation mechanism appears in Figure 2.
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Figure 2. Structural basis of target recognition and activation. (A) Comparison of ligand-binding
cavities in TR (PDB: 1Q4X), LXR (PDB: 1P8D), and ERR« (PDB: 2PJL), represented as Connolly
surfaces to highlight differences in pocket size, depth, and topology. (B) Close-up views of the TR
LBD-GC-24 complex (PDB: 1Q4X), LXR LBD-T-0901317 complex (PDB: 1P8D), and ERRx-compound
1a complex LBD (PDB: 2PJL). The ligand-receptor complexes are oriented consistently with panel A
to facilitate direct comparison between binding-pocket architecture and residue-ligand interactions.
Key pocket-lining residues interacting with the ligands are labeled in this panel. Hydrogen bonds
are shown as blue lines, salt bridges as yellow dashed lines, and hydrophobic contacts as gray
dashed lines. Aromatic interactions (7-7t stacking) are indicated by dots at aromatic ring centers.
(C) Schematic representation of the NRs transactivation mechanism.
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2.3. Comparative Structural Analysis of TRB, ERRa, and LXR

The LBDs of TR, ERR«, and LXR display distinct structural features determining
ligand specificity and functional modulation modes. TR contains a relatively small, elon-
gated binding pocket optimized for thyroid hormone T3; key residues (5277, R320, H435)
establish hydrogen bonds enabling selective recognition, while surrounding hydrophobic
residues stabilize the ligand’s aromatic core [41]. The crystal structure of human TRf3 LBD
at 2.8 A resolution complexed with GC-24, a triiodothyronine (T3) analog, clarifies the
basis of its agonism and specificity. Borngraeber et al. [41] demonstrated that GC-24’s
benzyl group is held through 3-4 A shifts in two helices essential for hormone binding
and correct helix 12 C-terminal positioning. Although these rearrangements occur, the
complex binds coactivators as closely as the TR3-T3 complex, remaining fully active. The
findings indicate that enhanced ligand specificity stems from a newly formed hydrophobic
cluster involving both ligand and protein residues. Interestingly, other thyromimetics
where iodine is replaced with bulky substituents improve TR-f31 selectivity. This selectivity
is particularly relevant given the distinct biological roles of TR isoforms: TR31 is widely
expressed in metabolically active tissues such as liver, kidney, and skeletal muscle, whereas
TRf2 expression is largely restricted to the hypothalamus, pituitary, cochlea, and retina,
where it plays a key role in hypothalamic—pituitary—-thyroid axis regulation and sensory
development. The X-ray crystal structure of compound 15¢ bound to TR-31 LBD [42]
shows M442 displacement by the bulky R3’ phenyl-ethyl-amide side [42] chain. This
conformational shift expands the binding pocket to accommodate the substituent, while
the ligand-receptor complex preserves full agonist activity. Importantly, reduced activity
toward TR2 is desirable to minimize central and endocrine side effects, reinforcing the
therapeutic value of TR31-selective agonists for metabolic disorders.

In contrast, ERRx possesses a larger, more flexible ligand-binding pocket that ac-
commodates both agonists and inverse agonists. Residues (L268, 1310, F435) contribute
extensive hydrophobic and n—m interactions, enabling conformational adjustments, par-
ticularly within helix 12 (H12), thereby modulating coactivator recruitment. The receptor
naturally adopts an active conformation even in the absence of ligand, with its LBD posi-
tioning H12 in an “agonist-like” state, favoring coactivator interactions (PGC-1«, SRC-1).
Inverse agonists bind deep within the LBD cavity, inducing pocket-lining residue reorienta-
tion and H12 misalignment, disrupting canonical coactivator-binding groove formation
and strongly reducing constitutive transcriptional activity.

Most inverse agonists exhibit shared binding modes, targeting residues in H3, H5, the
H6/H7 loop, and H11 [43]. According to Karnati et al. [43], common hot-spot residues
strongly interacting with inverse agonists include L324, F328, F382, L398, F495, and L500.
For effective inverse agonism, strong binding to the aromatic cluster formed by F328 (H3),
F495 (H11), F382 (H5/H6 loop), alongside L500, proves essential for stabilizing inactive
receptor conformations. In the crystal complex with the inverse agonist cyclohexylmethyl-
(1-p-tolyl-1H-indol-3-ylmethyl)-amine (compound 1a) [44], the receptor undergoes pro-
nounced conformational changes within its ligand-binding pocket (LBP) to create sufficient
space for ligand accommodation. These rearrangements cause F328 on helix H3 to adopt
a new side-chain conformation, forcing F510 on H12 to shift and thereby displacing the
activation helix from its agonist position. This process reveals a distinct mechanism of helix
12 inactivation, differing from those previously described for ERR, estrogen receptor (ER),
and related NRs. Notably, the displaced H12 relocates into the coactivator-binding groove,
where it adopts a conformation that closely mimics a bound coactivator peptide.

Liver X receptors (LXRs) feature broad, deep, predominantly hydrophobic ligand-
binding pockets optimized for oxysterols. Structural analyses of protein-ligand complexes
obtained by X-ray crystallography [45] indicate that residues H435 and W457 function as an
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activation switch. H435 displays highly conserved main-chain (¢, 1) angles, whereas W457
undergoes more pronounced movements. The conserved structural relationship between
H435 in helix 11 (H11) and W457 in helix 12 (H12) suggests ligand design promoting LXR
activation should focus on induced-fit adjustments primarily around W457, while H435
remains relatively rigid. Additional flexibility arises from the main-chain mobility of F329
and L330, contributing to the LBD’s dynamic nature. R319 shows moderate (¢, 1) angle
changes, further supporting flexible binding cavity notions.

The X-ray crystal structure of the LXRf3 LBD complexed with the synthetic agonist
T-0901317 [46] shows that this ligand fully occupies the binding pocket, forming extensive
lipophilic contacts and one key hydrogen bond to H435, helping to maintain the receptor
in an active conformation [46]. AF-2 region recruitment occurs not through direct polar
interactions between ligand and AF-2 side chains but rather through hydrophobic contacts
and, notably, through indirect mechanisms that pre-orient side chains around the ligand
binding pocket, shaping the interface with helix AF-2 [46].

Consistently, LXRp structures bound to synthetic ligands T0901317 and GW3965 [47]
reveal highly flexible binding pockets adapting to structurally distinct ligands. The cav-
ity is predominantly hydrophobic yet contains polar or charged residues at its two ends.
T0901317 exploits this by forming interactions with H435 near H12 [46] while GW3965
positions its charged group toward the opposite end. Despite different orientations, both
ligands induce the characteristic “agonist conformation” of H12, leading to a transcription-
ally active receptor. Comparative analysis highlights that while TR relies on precise polar
interactions within a rigid pocket, ERRo leverages plasticity and hydrophobic packing, and
LXR balances cavity volume and hydrophobicity to accommodate diverse sterol ligands.
These structural distinctions rationalize differences in ligand selectivity and mechanistic
bases for receptor activation or inhibition, providing frameworks for targeted ligand design.
Table 2 summarizes distinctive features of TR, ERRe, and LXR ligand-binding pockets
together with corresponding X-ray crystal structures, while Figure 2A,B illustrate binding
pockets and LBD-ligand interactions discussed above.

Table 2. Structural comparison of TRf3, ERRe, and LXR ligand-binding pockets.

Ligand Pocket Polarity/Key Ligand-Pocket
Receptor Type PDB Size/Shape Residues Interactions Notes
. 104X Small, 277, R320, H435; H.-bonds with polar. Highly selective; rigid
TRpB Agonist [41] cloneated hvdrophobic linin residues; hydrophobic pocket accommodates
& yarop & stacking thyroid hormones
TRB Aconist 1R6G Smasllli-nllﬁfhum, M442 shifts to Hydrophobic contacts; Shows limited plasticity
& [42] sty enlarge the cavity minimal H-bonds for bulkier ligands
expanded
Inverse 2PJL Large, F328, F510 Hy drophobic; steric Classic inverse agonist
ERRax . . . hindrance prevents .
agonist [44] reconfigured H12 displaced . .3 mechanism
coactivator binding
Accommodates diverse
LXRa/pB  Agonist 1UHL Wide, deep H421, W443, L.331 Van der Waals; contacts; sterols; H12 in active
[48] H-bond )
conformation
H-bond “His-Trp . .
LXRpB Agonist 1P8D Wide, deep H435, W457 switch”; hydrophobic ngand-mdt%c?d pocket
[49] plasticity
contacts
H435, H-bond “His-Trp . .
LXRpB Agonist 1PQ6 Wide, deep H12, H3 and H7 switch”; hydrophobic ngand-mdgc?d pocket
[47] : plasticity
residues contacts
LXRp Partial 4DK8 Wide, H3/H11/H12 Hydrophobic reversed Demonstrates flexibility
agonist [50] adaptable residues ligand orientation for partial agonists
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3. Thyroid Hormone Receptor 3 (TR[3) Agonists: Redirecting
Hepatic Metabolism

3.1. TRB and Hepatic Lipid Metabolism

Thyroid hormones (THs) are synthesized in the thyroid gland, which consists of
follicles where tyrosine residues within the glycoprotein thyroglobulin are iodinated [51,52].
TH actions are mediated by two receptor genes, TRalpha and TRbeta, with distinct expression
profiles during development and in adult tissues [53]. TRx1 predominates in the brain,
heart, and skeletal muscle, whereas TRf31 is expressed in multiple tissues, including the
liver, kidney, brain, and spleen, but represents the major TR isoform functionally relevant
for hepatic lipid and cholesterol metabolism. This functional predominance in hepatocytes,
rather than liver-restricted expression, underlies the therapeutic focus on TRB31 in metabolic
disease. Unless otherwise specified, in the context of this review, the term TRf3 refers to the
TRA1 isoform.

In hepatocytes, TR enhances low-density lipoprotein receptor (LDLR) expression,
thereby promoting cholesterol clearance, stimulates bile acid synthesis via CYP7A1, upreg-
ulates genes involved in fatty acid f-oxidation (CPT1a, ACOX1), supports mitochondrial
biogenesis, and represses lipogenic transcription factors such as sterol regulatory element-
binding protein-1c (SREBP-1c) [54,55]. TR also improves hepatic insulin sensitivity and
glucose turnover. These coordinated metabolic actions define the physiological frame-
work underlying the therapeutic targeting of TR discussed in the following sections.
Because TRf3 is also expressed in extrahepatic tissues, including the central nervous system,
kidneys, and endocrine organs, substantial efforts have focused on the development of
liver-selective TR3 agonists and prodrug strategies to maximize hepatic metabolic benefits
while minimizing systemic thyromimetic effects. At the molecular level, TRf3 functions
as a ligand-activated NR. Upon binding T; or selective TR3 agonists, it heterodimerizes
with RXR and interacts with thyroid hormone response elements (TREs) in target gene
promoters. In the absence of ligand, TR} associates with corepressors (NCoR, SMRT)
to maintain transcriptional repression. Ligand binding induces conformational changes,
displacing corepressors and recruiting coactivators (SRC-1, PGC-1a, CBP/p300), which
remodel chromatin and initiate transcription [54,56]. Through this mechanism, TR ago-
nists regulate hepatocyte metabolic pathways, promoting cholesterol clearance, stimulating
fatty acid oxidation (FAO), and suppressing lipogenesis. THs further coordinate hepatic
lipid metabolism by mobilizing free fatty acids (FFAs) from adipose tissue, enhancing
adipogenesis via fatty acid synthase (FASN), promoting triacylglycerol (TAG) esterifica-
tion and very low-density lipoprotein (VLDL) packaging, and stimulating lipolysis and
lipophagy. They increase mitochondrial biogenesis and 3-oxidation, shift phospholipid
metabolism toward phosphatidylcholine synthesis via Pcyt1, Pcyt2, and PEMT, and inhibit
phospholipid hydrolysis, thereby reducing TAG accumulation. Elevated TH levels favor
net hepatic lipid clearance independently of thyroid status [29,55,57-60].

3.2. TR as a Therapeutic Target in MASH and Dyslipidemia

Given its central role in hepatic metabolism, TR represents a promising therapeu-
tic target for MAFLD, MASH, and dyslipidemia. Impaired TR{3 signaling contributes to
triglyceride and cholesterol accumulation in hepatocytes, oxidative stress, and inflamma-
tion, hallmarks of these conditions [61-64]. TR activation enhances cholesterol clearance,
stimulates FAO, reduces lipogenesis, and exerts anti-inflammatory and anti-fibrotic effects
by modulating oxidative stress and inflammatory cytokine pathways [63]. Preclinical stud-
ies confirm liver-specific TR functions: in TR3-deficient mice, CYP7A1 is unresponsive
to T3, and cholesterol metabolism remains impaired, whereas TRx1-deficient mice retain
normal hepatic cholesterol handling [65]. Therapeutic TR1 agonists improve systemic
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lipid profiles by upregulating LDLR expression and enhancing cholesterol clearance, while
minimizing off-target effects on heart and bone, which are mainly TRx-regulated [66].
Consistent with its physiological role described above, key steps under TR31 control in-
clude LDLR-medjiated cholesterol clearance, HMG-CoA reductase-dependent cholesterol
biosynthesis, and CYP7Al-mediated bile acid synthesis [61,62]. Moreover, hypothyroidism
has been linked to increased hepatocellular carcinoma (HCC) risk, while T3 administration
reduces tumor progression and metastasis [67-69]. Taken together, these findings justify
the development of selective TR31 agonists to harness beneficial hepatic TH effects while
minimizing systemic and cardiac side effects, providing potential therapeutic strategies for
MAFLD, MASH, and dyslipidemia [29,55,57-69].

3.3. Clinical and Preclinical Landscape of TR Agonists: Thyromimetics and Emerging
Hybrid Compounds

The therapeutic potential of TR3 agonists for treating MAFLD, MASH, and dyslipi-
demia derives from liver-enriched TR expression and its pivotal role in regulating hepatic
lipid and energy metabolism.

Building on the mechanistic and pathological rationale outlined in Sections 3.1 and 3.2,
this section summarizes the clinical and preclinical development of TR3-targeted therapies.

Most TR agonists are thyromimetics, designed to mimic natural TH T3 by binding
to the TR LBD, thereby selectively modulating transcription of genes involved in fatty
acid p-oxidation, cholesterol catabolism via LDLR and CYP7A1, lipoprotein clearance,
mitochondrial biogenesis, and lipophagy, while minimizing off-target effects mediated by
TR« in heart, skeletal muscle, and bone.

Sobetirome (GC-1), 3,5-dimethyl-4-(4’-hydroxy-3'-isopropylbenzyl)phenoxy acetic
acid (Figure 3), differs from T3 by containing three hydrocarbon residues replacing iodine
atoms, a methylene linkage between phenyl rings, and substitution of 1-aminopropionic
acid with oxyacetic acid. This synthetic TH analog belongs to the first generation of TRf3-
specific agonists, exhibiting high liver accumulation and a 10-fold lower TR« affinity than
T3 [70]. In preclinical MASH and obesity models, GC-1 reduced hepatic steatosis, liver
lipid peroxidation, serum triglycerides and cholesterol, and improved liver injury markers
(AST, ALT), while sparing heart and bones [71-73]. In phase 1 studies, GC-1 reduced
LDL cholesterol (LDL-C) by 41% over 2 weeks in healthy volunteers; however, further
development was discontinued due to lack of funding.

GC-24, a second-generation analog with enhanced TRf3 selectivity (40-fold TR3: TR«
binding), improved plasma triglycerides, body fat, glucose tolerance, and insulin sensitivity
in high-fat diet (HFD) rats but failed to restore hypercholesterolemia and had lower hepatic
targeting than GC-1 or T3 [74].

Eprotirome(KB2115),3-[[3,5-dibromo-4-[4-hydroxy-3-(1-methylethyl)-phenoxy]-phenyl]-
amino]-3-oxopropanoic acid (Figure 3), a brominated TR} agonist, demonstrated high liver
selectivity, reduced hepatic steatosis and serum LDL in ob/ob and HFD rats, and decreased
cholesterol in human subjects with dyslipidemia [73,75]. Early clinical trials (NCT00593047,
NCT01410383) [76,77] showed LDL reductions of approximately 40% without adverse
cardiac effects; however, a phase 3 trial was terminated due to cartilage toxicity in canine
studies [78].

VK2809 (MB07811) (2R, 4S)-4-(3-chlorophenyl)-2-[(3,5-dimethyl-4-(4'-hydroxy-3'-
isopropylbenzyl) phenoxy) methyl]-2-oxido-[1, 3, 2]-dioxaphosphonane) (Figure 3), is
an orally active liver-targeted prodrug converted to MB(07344 in hepatocytes, produc-
ing strong liver-first-pass effects with minimal systemic exposure [79]. In preclinical
models, VK2809 reduced hepatic steatosis, triglycerides, and serum FFAs, increased f3-
oxidation and mitochondrial respiration, and spared cardiac and skeletal tissues [80]. Phase
1 and 2 studies showed dose-dependent reductions in LDL-C, triglycerides, and liver fat
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content (median reductions 53-60% by magnetic resonance imaging-proton density fat
fraction [MRI-PDEFF]), with no significant alanine aminotransferase (ALT) elevation after
12 weeks [81]. A phase 2b study (NCT04173065) in 337 biopsy-confirmed MASH patients
confirmed sustained liver fat reduction after 52 weeks. A recent 52-week follow-up study
demonstrated that VK2809 (5 mg and 10 mg daily) achieved significant histological im-
provements in MASH resolution and fibrosis regression, with favorable safety profiles
[https://pmc.ncbinlm.nih.gov/articles/PMC11784560/, accesses on 9 December 2025]. A
four-week post-treatment follow-up of the 12-week phase 2 randomized, placebo-controlled
study showed that VK2809 continued to reduce liver fat in patients with MAFLD.
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Figure 3. Chemical structures of TR3-selective thyromimetics compared with physiological ligands
T3 and T4.

Resmetirom (MGL-3196), a liver-targeted TR agonist (Figure 3) featuring a cyanoaza-
uracil substituent, shows approximately 28-fold greater TR{3 selectivity compared with
T3 [75]. This structural modification markedly enhances potency and specificity, enabling
the compound to reduce hepatic triglycerides, steatosis, lipid peroxidation, and inflam-
matory and fibrotic markers in animal MASH models [82]. In phase 2 trials, resmetirom
reduced liver fat by 32.9-37.3% versus 8.5-10.4% in placebo at 12-36 weeks, decreased
atherogenic lipids (LDL-C, apolipoprotein B [ApoB], triglycerides), and improved MASH
biopsy scores in 56% of patients [83,84]. The pivotal phase 3

MAESTRO-MASH trial confirmed histological improvement and significant liver fat
reduction with favorable safety at 80-100 mg/day for treating MASH with liver fibrosis [85].
In March 2024, resmetirom (Rezdiffra™) received FDA approval for the treatment of
MASH with moderate-to-advanced liver fibrosis (F2-F3), representing the first approved
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therapy specifically for MASH [86]. This landmark approval validates TR as a therapeutic
target for metabolic liver disease and establishes a new standard of care for MASH patients.

IS25 and its prodrug TG68 are halogen-free TR3 agonists based on GC-1 scaffolds
(Figure 3) [87]. TG68 reduced lipid accumulation in HepG2 cells via AMP-activated
protein kinase (AMPK) activation and acetyl-CoA carboxylase (ACC) inhibition. In F344
rats and HFD-fed C57BL/6 mice, TG68 decreased hepatic steatosis, triglycerides, serum
transaminases, and liver weight without extrahepatic toxicity [88].

Indole-based agonists SKL-12846 and SKL-13784 (Figure 3) demonstrated high liver
specificity and cholesterol-lowering activity in preclinical models with minimal cardiac
effects, highlighting indole scaffolds as promising TR3-selective chemotypes [89,90].

Beyond classical thyromimetics, a novel Glucagon/T3 hybrid combines the anti-lipid
effects of glucagon with energy-expending actions of T3. In obese mice, this hybrid re-
duced adipose mass, reversed MASH, ameliorated dyslipidemia, decreased atherosclerotic
plaque formation, and improved glucose metabolism while avoiding thyrotoxicosis and
diabetogenic glucagon effects, representing a promising alternative to isoform-selective
TRp agonists [63,91]. Collectively, these preclinical and clinical studies demonstrate that
liver-targeted TR activation, whether via thyromimetics or engineered co-agonists, ef-
fectively modulates hepatic lipid metabolism, reduces liver fat, improves systemic lipid
profiles, and mitigates inflammation and fibrosis, providing potent pharmacological strate-
gies for MAFLD, MASH, and dyslipidemia while minimizing systemic thyrotoxic effects.
In Table 3, the pharmacological and clinical profiles of TR agonists are reported.

Table 3. TR compounds: selectivity, effects, and clinical progress.

TRB:TR«x Liver Preclinical Clinical .
Compound Selectivity Targeting Effects Effects Status/Trials
1 hepatic steatosis, | Phase 1
Sobetirome ~10-fold High liver TG and cholesterol, | Phase 1: LDL-C completed;
(GC-1) accumulation AST/ALT; prevents 141%, safe discontinued
lipid peroxidation (funding)
J TG, | fat mass,
GC-24 40-fold Moderate T.m?ulm sensitivity; None Preclinical only
limited cholesterol
effect
. . Phase 3
Eprotirome . High liver + hepatic steatos1§, T L LDL ~40% in terminated
(KB2115) High specificity cholesterol secretion, humans (cartilage
J LDL in rodents L
toxicity)
. ) . J LDL-C and TG;
St}*ong liver 1 hepatic steatosis, | liver fat |53-60% Phase 2b
VK2809 first-pass, TG and FFA,
. . . (MRI-PDFF); completed;
(MB07811 — High minimal 1" p-oxidation, )
. . . 52-week: MASH ongoing
MB07344) systemic 1 mitochondrial . . .
. resolution, fibrosis development
exposure respiration .
regression
Liver fat |33-37%
(MRI-PDFF); |
Resmetirom J hepatic TG, LDL-C, ApoB, TG;
(MGL- 28-fold High liver | steatosis, MASH score FDA
. specificity | fibrosis and improved (56%); APPROVED
3196/Rezdiffra™) ) .
inflammation FDA approved
March 2024 (F2-F3
fibrosis)
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Table 3. Cont.
TRB:TR«x Liver Preclinical Clinical .
Compound Selectivity Targeting Effects Effects Status/Trials
J hepatic lipid
(HepG2), | TG, | liver
IS25/TG68 High Liver-targeted weight, T hepatocyte None Preclinical only
proliferation; no
cardiac toxicity
J cholesterol,
SKL- High liver J hepatic steatosis;
12846/SKL- High &1 °P o None Preclinical only
specificity minimal cardiac
13784
effects
| adipose mass,
Liver + systemic J hepatic steatosis,
Glucago.nfTS N/A metabolic v atheroscleroms, None Preclinical only
hybrid . 1 glucose metabolism;
targeting

reverses MASH;
avoids thyrotoxicosis

4. Estrogen-Related Receptor o« (ERRx) Modulators: Reprogramming
Mitochondrial Function

4.1. Physiological Role and Molecular Networks

Estrogen-related receptor o (ERR«) is an orphan NR structurally related to classical
estrogen receptors but does not bind endogenous estrogens. ERRa serves as a central regu-
lator of energy metabolism, particularly in high-energy-demand tissues (skeletal muscle,
heart, liver, brown adipose tissue). Functionally, ERRx plays key roles in mitochondrial
biogenesis and oxidative phosphorylation (OXPHOS) [28]. Through cooperation with coac-
tivators such as PGC-1, ERRx promotes transcription of genes encoding mitochondrial
transcription factor A (TFAM) and electron transport chain (ETC) components, thereby
increasing mitochondrial number and respiratory capacity. Beyond mitochondrial regu-
lation, ERRo contributes to energy homeostasis, modulating FAO, glucose metabolism,
and ATP production. In skeletal muscle, ERRe activation supports an oxidative phenotype
and improves endurance capacity [92]. It also mediates metabolic flexibility, enabling cells
to switch between carbohydrate and fatty acid utilization in response to varying energy
demands, often coordinating with AMPK signaling pathways. Dysregulated ERR« activity
has been implicated in metabolic disorders, CVD, and age-related mitochondrial decline,
highlighting its therapeutic potential [92].

At the molecular level, ERRa functions within complex transcriptional networks,
forming a feed-forward loop with PGC-1«/ 3, which recruits ERRx to promoters of genes
involved in the ETC, tricarboxylic acid (TCA) cycle, and FAO. ERR« also interacts with other
NRs (PPARs, nuclear respiratory factors [NRFs], LXR), allowing fine-tuning of metabolic
gene expression. Absent activating signals, ERRx associates with corepressors (NCoR1,
SMRT), suppressing mitochondrial and metabolic gene transcription, a mechanism ex-
ploited by inverse agonists to stabilize repressive conformations. Moreover, ERRx activity
is modulated by nutrient availability, hormonal cues, cellular stress, and post-translational
modifications (phosphorylation, acetylation), integrating multiple signals to maintain
cellular energy balance.

ERR«’s hepatic role has been increasingly recognized. Rui et al. and Moore et al. de-
scribe ERRoc as a major transcriptional regulator of hepatocellular metabolism, controlling
gene networks governing liver energy homeostasis and mitochondrial function [93,94].
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Despite structural similarity to estrogen receptors, ERRa is not activated by estrogens and
remains an orphan receptor, making it unique among NRs [95,96]. Studies combining tran-
scriptomics, genome-wide chromatin immunoprecipitation (ChIP), and ERRo-null mouse
models have revealed its essential role in liver metabolism, including insulin sensitivity
regulation, lipid handling, and prevention of metabolic diseases (MAFLD, T2D) [97]. This
highlights ERR« as a sensor of intrinsic and environmental cues, with activity modulation
representing a promising strategy to improve liver function and systemic metabolic health.

4.2. Pharmacological Targeting of ERR«

ERRo is a critical transcriptional regulator in the liver, orchestrating mitochondrial
function, oxidative metabolism, and lipid homeostasis by integrating nutrient, hormonal,
and stress-derived signals [97]. This central role links hepatic ERRot not only to normal sys-
temic energy balance, coordinating liver metabolism with that of skeletal muscle, adipose
tissue, gut, and brain, but also to multiple pathological states [98].

In insulin resistance and T2D, dysregulated ERRx-mediated transcription of oxidative
phosphorylation and mitochondrial genes has been associated with altered mitochon-
drial function in skeletal muscle, where reduced PGC-10/ERR« activity correlates with
decreased OXPHOS gene expression and impaired oxidative capacity that contributes to
metabolic dysfunction. In this context, pharmacological activation of ERR« can restore mito-
chondrial gene expression, enhance oxidative metabolism, and improve insulin sensitivity.

In MAFLD, ERR«x effects are context-dependent: under HFD conditions, its upregula-
tion appears adaptive by promoting mitochondrial compensation, whereas its deficiency
impairs recovery from fasting-induced steatosis and may worsen hepatic lipid accumula-
tion. These findings indicate that ERRo supports metabolic flexibility under lipid overload
but may also drive maladaptive programs when chronically activated.

Pharmacologically, both ERR« activation and inhibition have been explored as thera-
peutic strategies, with beneficial effects depending on the disease context. Activation of
hepatic ERRax improves insulin sensitivity and reduces fat in MAFLD models, whereas inhi-
bition can reduce lipid biosynthesis and attenuate steatohepatitis by downregulating genes
such as GPAT4 [99]. Thus, ERRax agonists primarily enhance mitochondrial oxidative capac-
ity, while inverse agonists suppress specific anabolic and lipogenic transcriptional circuits.

ERR« also regulates VLDL assembly and secretion in a sex-dependent manner via
target genes including ApoB, MTTP, and Pla2¢12b [100]. In HCC, ERRx modulates tumor
metabolism, ROS production, and inflammation through NF-«B, suggesting therapeutic
potential in liver cancer. Collectively, these observations explain why both ERRx agonists
and inverse agonists can exert beneficial metabolic effects, depending on tissue context,
disease stage, and dominant transcriptional pathways engaged, highlighting ERRa as a
highly versatile and context-sensitive pharmacological target.

4.3. Promising ERRa Modulators in Development

Over the past two decades, a broad array of small-molecule modulators target-
ing ERRo has been developed, enabling increasingly precise pharmacological control
over metabolic functions regulated by this NR. Early inverse agonists such as XCT-
790, (2E)-3-(4-{[2 4-bis(trifluoromethyl)phenyllmethoxy}-3-methoxyphenyl)-2-cyano-N-[5-
(trifluoromethyl)-1,3 4-thiadiazol-2-yl]prop-2-enamide (Figure 4) first demonstrated that
ERRo-driven transcriptional programs could be chemically downregulated, although their
effects were complicated by off-target activities, including mitochondrial uncoupling [101].
Subsequent availability of high-resolution X-ray crystal structures of the ERRoc LBD pro-
vided detailed structural frameworks that facilitated the rational design of more selective
modulators with reduced mitochondrial toxicity [43].
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Figure 4. Chemical structures of ERRx modulators in development.

Recent studies have highlighted the broader physiological relevance of ERRa, par-
ticularly in angiogenesis associated with proliferative diabetic retinopathy (PDR). One
study [102] demonstrated that the PGC-1/ERRo signaling axis contributes to regulating
angiogenic factor expression in PDR. Using human vitreous samples, fibrovascular epireti-
nal membranes, diabetic rat retinas, and cultured human retinal Miiller glia and endothelial
cells, the authors showed PGC-1x and ERR«x are co-expressed in endothelial cells and
leukocytes within PDR membranes, with levels positively correlating with angiogenic
activity alongside vascular endothelial growth factor (VEGF) and angiopoietin-2, markedly
elevated in both PDR vitreous and diabetic rat retinas. In Miiller cells, pharmacologi-
cal inhibition of either PGC-1x or ERRx attenuated diabetes-mimetic induction of VEGF,
angiopoietin-2, and monocyte chemoattractant protein-1/C-C motif chemokine ligand 2
(MCP-1/CCL2), whereas PGC-1¢ activation increased VEGF expression and reduced ROS
levels, indicating that the PGC-10c/ERRo pathway plays supportive roles in promoting
angiogenic factor upregulation. Beyond angiogenesis, ERRx modulators have important
implications for metabolic regulation, including glucose uptake, dyslipidemias, and MASH
(Table 4).
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Table 4. ERRoc modulators: preclinical development and therapeutic potential.
ERR« Selec- Tissue Preclinical Clinical .
Compound tivity/Type Targeting Effects Effects Status/Trials
Downregulates ERRoc
transcription;
XCT-790 Inver.se General/ off-target None Preclinical only
agonist Cellular . .
mitochondrial
uncoupling
. Liver, adipose, ¥ Pody.welgh't/'fz?t mass, Preclinical only
Compound Selective 71 insulin sensitivity,
. general None (mouse/rat
29 antagonist . | glucose &
metabolism O models)
lipid levels
Muscle, adipose, 1 mitochondrial gene expression & Preclinical only
SLU-PP-332 Pan-ERR energy- oxidative metabolism; Non. (mouse
agonist demanding T energy expenditure; | fat mass; one obesity /metabolic
tissues 1 insulin sensitivity syndrome)
1 PGClwa, PDK4, LDHA; .
Pan-ERR 1 mitochondrial Preclinical only
SLU-PP-915 . Muscle . . None (in vitro/mouse
agonist biogenesis and FAQ;
models)
1 muscle endurance
1 hepatic oxidative metabolism;
ERR«x- Liver, 1 hepatic tTG; Preclinical onl
JNDO003 selective abdominal 1 glucose tolerance and insulin None ec tmical oty
. . A (HFD mice)
agonist adipose sensitivity;
J liver ALT/AST
“6c” 1 ERR« protein by >80%; potential .
(PROTAC-like ERRa Cellular J mitochondrial OXPHOS and None Preclinical or.11y
d den) degrader FAO (cellular studies)
egrader

In this context, a diaryl ether-based thiazolidinedione, compound 29 [103] (Figure 4),
has been described as a selective, potent ERRx antagonist with favorable pharmacokinetic
properties, representing a promising candidate for metabolic disorders. Molecular model-
ing and docking studies suggested compound 29 binds tightly to the ERRx LBD, forming
stable hydrogen bonds with residues Glu235 and Tyr326 and hydrophobic interactions with
Leu228, Phe232, and I1e349, critical for receptor activation and ligand selectivity. These
structural insights likely explain both its high affinity and selectivity toward ERRa over
related NRs.

Metabolic and antidiabetic effects were evaluated in four preclinical studies using
mouse and rat obesity and diabetes models. In AKR/] mice, thirty males fed HFD (45%
kcal from fat) received compound 29 (3 or 30 mg/kg, twice daily) for 5 days, with mea-
surements of food intake, body composition, plasma insulin, liver function, and tissue
collection. In C57BL/6 mice, forty males on 60% HFD were treated with compound 29
(10 or 30 mg/kg, once daily) for 18 days, monitoring body weight, composition, glu-
cose, lipid profiles, insulin, and oral glucose tolerance test (OGTT); ten low-fat diet mice
served as controls [103]. In Zucker diabetic fatty (ZDF) fa/fa rats, two studies were con-
ducted: a 12-day study where fifty males received compound 29 (10 mg/kg) or controls,
assessing body weight, food intake, and insulin tolerance testing (ITT), and a 25-day
dose-response study in sixty-five males treated with compound 29 at 0.08-10 mg/kg,
monitoring body weight, food intake, glucose, insulin, lipid levels, and OGTT perfor-
mance. Across all studies, tissues were collected for further analysis, with primary
endpoints including body composition, glucose homeostasis, insulin sensitivity, lipid
metabolism, and dose-dependent metabolic effects [103]. Collectively, these findings,
supported by detailed molecular modeling data, suggest selective ERRx antagonism
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via compound 29 may represent a novel therapeutic strategy for metabolic disorders
(obesity, T2D, dyslipidemias) (Table 4). In contrast, whereas early inverse agonists sup-
pressed ERRa, recent efforts have focused on agonists enhancing its transcriptional ac-
tivity and supporting metabolic homeostasis. Pan-ERR agonists such as SLU-PP-332
(4-hydroxy-N-[(Z)-naphthalen-2-ylmethylideneamino]benzamide) [104] and SLU-PP-915
[3-[5-[(2-fluorophenyl)carbamoyl]thiophen-2-yl]phenyl]boronic acid (Figure 4), enhance
mitochondrial gene expression and oxidative metabolism across all ERR isoforms, mimick-
ing many aerobic exercise effects. In preclinical studies using mouse obesity and metabolic
syndrome models, SLU-PP-332 increased energy expenditure and FAO, reduced fat mass
accumulation, and improved insulin sensitivity. These effects align with ERR physiological
roles as constitutively active NRs highly expressed in energy-demanding tissues, regulating
genes involved in mitochondrial biogenesis and lipid oxidation. Pharmacological ERR
activation thus represents a promising strategy to treat obesity and metabolic syndrome,
reproducing key metabolic exercise benefits without physical activity [104].

SLU-PP-915 was developed through a structure-based approach guided by the X-ray
structure of compound 1a bound to the ERRoc LBD [44]. Molecular docking studies modeled
interactions between SLU-PP-915 and the ERR« ligand-binding pocket, revealing stable
hydrogen bonds with conserved residues (Tyr326, Glu331) and hydrophobic contacts within
the protein core. Docking indicated the ligand adopts conformations promoting favorable
AF-2 helix rearrangement, consistent with transcriptional activation observed in vitro.
These structural insights guided structure-based SLU-PP-915 optimization, improving
both affinity and selectivity, and provided molecular explanations for the rapid in vivo
induction of ERR target genes.

In vitro studies in C2C12 myoblasts demonstrated that SLU-PP-915 [105] robustly
upregulates key ERR target genes (PGClw, pyruvate dehydrogenase kinase 4 [PDK4],
lactate dehydrogenase A [LDHAY]), critical regulators of mitochondrial biogenesis, FAO,
and glucose metabolism. These transcriptional effects were confirmed in vivo, as a single
intraperitoneal SLU-PP-915 dose (20 mg/kg) rapidly increased expression of PGCIx, PDK4,
and the ERRa-specific gene DNA damage-inducible transcript 4 (DDIT4) in quadriceps
muscle within one hour. Functionally, SLU-PP-915 enhanced endurance in mice, increasing
both running distance and time. Together, these in vitro and in vivo findings indicate
that SLU-PP-915 is a potent ERR agonist capable of activating metabolic gene programs
and improving muscle function, highlighting its potential as a therapeutic candidate for
metabolic disorders (obesity, insulin resistance, related syndromes) [105] (Table 4).

JNDO003 (Figure 4), identified in 2022 through AlphaScreen assays, ref. [99] is a
highly selective ERRo agonist. The compound, 7-methoxy-3-methyl-2-phenyl-4(3H)-
quinazolinone, exhibits an ECs of 86.0 nM for promoting ERRx-PGClax peptide inter-
action, robustly activating hepatic oxidative pathways, and improving overall metabolic
function. Studies in liver-specific ERRa knockout mice demonstrated that ERR« loss
exacerbates diet-induced fatty liver, insulin resistance, and impaired glucose disposal,
highlighting the receptor’s essential role in liver metabolism [99].

In vitro, JND003 increased ERR« transcriptional activity, upregulating key target
genes (medium-chain acyl-CoA dehydrogenase [MCAD], PDK4, ATP synthase subunit
beta [ATP5p8]). In vivo, oral JND003 administration (10-30 mg/kg/day) in HFD-fed mice
improved glucose tolerance, insulin sensitivity, and hepatic steatosis while reducing liver
triglycerides and serum ALT/aspartate aminotransferase (AST) levels [99]. The compound
also enhanced hepatic FAO and mitochondrial function, reflected by elevated mRNA and
protein expression of metabolic genes, including carnitine palmitoyltransferase 1A (CPT1A).
Pharmacokinetic analysis showed rapid absorption, a short half-life (t;,, = 0.73 h), low
oral bioavailability (9%), and pronounced tissue accumulation in the liver and abdominal
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adipose tissue (up to approximately 59- and 235-fold higher than plasma, respectively). Col-
lectively, these findings support JND003 as a promising therapeutic candidate for MAFLD
and T2D, with beneficial effects primarily mediated through hepatic ERR« activation [99]
(Table 4).

Complementing agonists and inverse agonists, in 2019, a series of (E)-3-cyanoacrylamide
derivatives designed as proteolysis-targeting chimeras was reported to selectively induce
proteasomal degradation of ERRa in cells. One representative compound, 6¢ (Figure 4), was
shown to decrease ERR« protein levels by >80% at ~30 nM in human cell lines, consistent
with PROTAC-mediated target knockdown and providing a useful chemical probe for
investigating ERR« functions [106]. While compound 6c is a valuable research tool for
studying ERRa biology, further work is required to define its therapeutic potential in
metabolic disease contexts. Table 4 summarizes preclinical modulators of ERRo and their
experimental applications.

5. Liver X Receptors (LXRa/3) Modulators: Balancing Cholesterol
Homeostasis and Lipogenesis

5.1. Core Physiological Functions and the LXR Dilemma

Liver X receptors (LXRa/NR1H3 and LXRp/NR1H2) are oxysterol-activated NRs
functioning as central sensors of intracellular cholesterol levels. The human LXR«x gene
is located on chromosome 11p11.2, whereas LXRf is found on 19q13.3. Their expression
patterns vary widely across tissues: LXR«x has a restricted distribution, being highly
expressed in the liver and present in the intestine, adipose tissue, macrophages, kidney,
and lung. In contrast, LXR is ubiquitously expressed and detectable in most examined
cell types and tissues [107].

The primary physiological role of LXRs is maintaining cholesterol homeostasis by
coordinating gene networks promoting cholesterol efflux, reverse cholesterol transport
(RCT), and bile acid synthesis. Ligand-dependent LXR activation induces transcription
of ATP-binding cassette transporters (ABCA1, ABCG1), apolipoprotein A-I (ApoA-I), and
CYP7A1-dependent bile acid synthetic pathway components, collectively reducing intra-
cellular cholesterol accumulation while enhancing systemic clearance. Accordingly, LXR
activation promotes cholesterol excretion [108,109] and exerts anti-inflammatory effects by
antagonizing NF-«kB and activator protein 1 (AP-1) signaling. However, LXR activation
simultaneously stimulates de novo triglyceride lipogenesis [110] a potentially deleterious
effect leading to hepatic steatosis and insulin resistance [111]. LXRf, due to ubiquitous
expression, plays key roles in immune cells (macrophages), supporting cholesterol efflux
and dampening inflammatory activation. LXRe, in contrast, is enriched in liver, intestine,
and adipose tissue, exerting stronger control over systemic lipid flux.

Despite their therapeutic potential, LXR agonists face a major limitation known as the
“LXR dilemma”: While LXR activation enhances RCT and reduces atherosclerotic plaque
burden in preclinical models, it simultaneously upregulates SREBP-1c, FASN, ACACA,
and other lipogenic genes, causing hepatic steatosis, hypertriglyceridemia, and insulin
resistance. These adverse effects counterbalance the cardiovascular benefits and hinder
the clinical translation of full LXR agonists. Current drug development efforts aim to
dissociate beneficial cholesterol-handling and anti-inflammatory LXR effects from lipogenic
transcriptional programs. Approaches include selective LXR modulators (SLiMs) [112],
isoform-specific ligands [113,114], and tissue-biased strategies exploiting subtle conforma-
tional differences between LXRx and LXRf3, differential cofactor recruitment, or restricted
tissue expression to preserve cardioprotective effects while avoiding hepatic lipid accumu-
lation. Resolving this balance is essential for realizing LXRs as viable therapeutic targets in
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atherosclerosis [115,116], MAFLD [117], metabolic syndrome, and chronic inflammatory
disorders [107].

5.2. Strategies for Safer LXR Targeting

A major challenge in advancing LXR-directed therapies toward clinical application
is achieving robust atheroprotective, anti-inflammatory, and cholesterol-efflux-enhancing
activity while avoiding lipogenic and steatogenic effects driven predominantly by hepatic
LXR«x activation [115,116]. To overcome this barrier, multiple pharmacological strategies
have been explored, including the development of isoform-selective ligands and tissue-
targeted delivery platforms restricting LXR engagement to macrophages or the intestine.
Another promising direction involves combining LXR agonists with inhibitors of down-
stream lipogenic pathway (ACC inhibitors, FASN inhibitors, SREBP-1c modulators) [118] to
preserve LXR-mediated cholesterol efflux and anti-inflammatory signaling while suppress-
ing hepatic triglyceride synthesis. Additional combinatorial strategies pair LXR activators
with FXR or PPAR agonists to counterbalance sterol and lipid metabolic fluxes, thereby
minimizing steatosis and enhancing overall therapeutic safety profiles of LXR-based inter-
ventions [118].

5.2.1. Full LXRax/LXRf3 Agonists

Full LXR agonists activate both LXRox and LXR( with high efficacy, stabilizing canoni-
cal active receptor conformations (including helix 12 closure), resulting in maximal LXR
target gene activation. While these ligands strongly induce cholesterol efflux pathways
(upregulating ABCA1, ABCG1, ApoE), they simultaneously trigger SREBP-1c lipogenic
programs, markedly increasing hepatic fatty acid and triglyceride synthesis. This dual
action confers potent anti-atherogenic and anti-inflammatory properties but also leads to
hepatic steatosis and hypertriglyceridemia, limiting translational potential.

T0901317 (Figure 5), the first widely used synthetic LXR agonist, belongs to the diaryl-
amino-acetate steroid mimetic class. Its structure includes a rigid diaryl core, tert-butyl
and chloro substituents enhancing hydrophobic interactions with the LXR ligand-binding
pocket, and a tertiary amide-containing side chain that stabilizes receptor-active conforma-
tions. T0901317 is a highly potent agonist (ECsg approximately 20-50 nM for LXRx and
LXRf) and was pivotal in demonstrating LXR activation reduces cholesterol accumulation
and suppresses inflammatory gene expression in macrophages [119]. However, it also ro-
bustly induces hepatic SREBP-1c, FASN, and stearoyl-CoA desaturase 1 (SCD1), producing
pronounced lipogenesis, hepatic steatosis, and hypertriglyceridemia [119].

GW3965 (Figure 5), another widely used full agonist, is an aryl-oxy-propionamide
derivative characterized by a benzamide scaffold with dimethylamino substituents [120].
Developed as a more selective and pharmacokinetically favorable LXR ligand than
T0901317, GW3965 retains high potency and fully activates both LXR isoforms [120].
In animal models, GW3965 increases high-density lipoprotein (HDL) levels, enhances RCT,
and reduces atherosclerosis, yet it still strongly activates hepatic SREBF1 (SREBP-1c) and
lipogenesis [121], leading to hepatic triglyceride accumulation similar to T0901317 (Table 5).
Collectively, T0901317 and GW3965 represent first-generation, high-efficacy pan-agonists,
revealing both the therapeutic promise of LXR activation and the major metabolic liabilities
of full-strength LXRo stimulation. These limitations directly motivated the development of
SLiMs, partial agonists, desmosterol-mimetic sterols, and tissue-restricted delivery strate-
gies designed to uncouple cholesterol-efflux benefits from undesirable hepatic lipogenesis.

https:/ /doi.org/10.3390/biom16020272


https://doi.org/10.3390/biom16020272

Biomolecules 2026, 16, 272

20 of 37

Table 5. Preclinical and clinical development of LXR modulators, including full and partial agonists, 3-selective agonists, SLiMs, tissue-targeted agents, and

endogenous sterol-pathway modulators.

Compound ;e):(llzcrtll}:/ff; Tissue Targeting Preclinical Effects Clinical Effects Status/Trials
1T ABCA1/ABCG1, T HDL, .
T0901317 Full pan-LXR agonist Systemic anti-inflammatory; strong None con‘iv lglellr}:d?ser(ictlci)r?ilcal
(LXRot/LXRP) y induction of SREBP-1¢, FASN, SCD1 P rhp
— steatosis + T TG onty
Full pan-LXR . 1 HDL, 1 RCT, | atherosclerosis, Preclinical; no clinical
GW3965 agonist Systemic lipogenic like T0901317 None development
+ ABCA1/ABCGI; ;gé‘ﬂr/‘jg% £1
LXR-623 LXRB-selective CNS-penetrant: svstemic anti-atherosclerotic; dose-dependently: CNS Phase 1
(WAY-252623) agonist P »5Y minimal hepatic q p y’h. h completed
lipogenesis adverse events at hig
dose
LXRp-preferential partial 1 cholesterol efflux, T HDL; minimal In humans: 1 LDL and TG, Phase 1
BMS-852927 p aconist p Systemic lipogenesis in | HDL at high doses; completed
& primates neutropenia (25-30%) (development halted)
Steroidal partial Macrophages and intestine T ABCAI; v atherogclerotlc Preclinical
ATI-829 . ) ) lesions; no hepatic TG None
agonist/LXR{-biased > liver . only
increase
1 ABCA1/ABCGI; | inflammation; |
SLiM, partial . atherosclerosis; no -
. Macrophage-selective; . . Preclinical
DMHCA agorust, retina; bone marrow lipogenesis; improves None (multiple disease models)
desmosterol-mimetic ! diabetic retina and HSC p
dysfunction
. Strong efflux activation in L.
MePipHCA SLIM, . Macrophages macrophages; no liver SREBP-1c None Preclinical
desmosterol-like o only
activation
Compound 4 SLiM efflux-selective Macrophages TRCT, | foam Ceusf; no hepatic TG None Preclinical
elevation only
Compound 6 SLiM efflux-selective Macrophages T choles.terol ef'ﬂu?< (ABCAT); low None Preclinical
lipogenic signature only
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Table 5. Cont.
Compound ;Z(II:C?\IIET; Tissue Targeting Preclinical Effects Clinical Effects Status/Trials
Intestine-restricted 1T HDL, T macrophage-RCT; 1 Preclinical
GW6340 prodrug Intestine-specific ABCA1/ABCGb5/8 intestinal; no None onl
of GW3965 activation of hepatic LXRox y
1+ ABCA1/ABCGI,
GW39§5 Full agonist | inflammation, o
nanoparticles . Macrophages/ J macrophage Preclinical
with targeted . . None
(PLGA-PEG, deliver atherosclerotic plaque content in plaque; only
liposomes) y no hepatic
lipogenesis
Anti-inflammatory,
L(ngli:;_ Full agonist with targeted Macrophages efflux-promoting; None Preclinical
cles/li Esomes delivery phag avoids liver only
P activation
SH42 Endogenous sterol J steatosis and | inflammation;
pathway modulator — 1 Liver, . N Preclinical (MASH
(DHCR24 L restores lipid homeostasis; no None
N desmosterol (LXR-biased macrophages ) . . models)
inhibitor) endogenous agonism) hypertriglyceridemia
Natural LXR ligand . 1 ABCA1/ABCGI, . .
Desmosterol (biased toward SygtemlF anti-inflammatory; minimal Phyf.ﬂologmal N/A
(endogenous) (physiological) . ; ligand
efflux) lipogenesis
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Figure 5. Chemical structures of LXR modulators.

5.2.2. LXRB-Selective Agonists

Because LXRf mediates anti-inflammatory and cholesterol-efflux pathways with
limited hepatic lipogenesis induction, LXR3-preferring agonists represent an attractive
strategy for safer LXR modulation. Molecules such as LXR-623 (WAY-252623), BMS-852927,
and the sterol-based partial agonist ATI-829 have demonstrated reduced lipogenic potential
relative to nonselective agonists like T0901317 [115,122].

LXR-623 (2-[(2-chloro-4-fluorophenyl)methyl]-3-(4-fluorophenyl)-7-(trifluoromethyl)
indazole) (Figure 5) [123] enhances cholesterol efflux and protects against atherosclero-
sis by activating LXR-regulated genes (ABCA1) while exhibiting minimal hepatic lipid
metabolism effects. Its potency is strongly biased toward LXRp, with ECsy values of
approximately 100 nM for LXRf and 1000-2000 nM for LXR«, reflecting greater than
10-fold selectivity. LXR-623 was the first LXR agonist tested in humans. In a single-
ascending-dose clinical study, it was rapidly absorbed (Cmax approximately 2 h), displayed
dose-proportional pharmacokinetics, and had a terminal half-life of 41-43 h. LXR activation
resulted in dose-dependent ABCAI and ABCGI expression increases, and pharmacoki-
netic/pharmacodynamic (PK/PD) modeling estimated ECsy values of 526 ng/mL for
ABCA1 and 729 ng/mL for ABCGI1 [123]. Central nervous system (CNS)-related adverse
effects emerged at the highest doses, but no deaths or serious adverse events occurred [123]
(Table 5). This study represented the first demonstration of target engagement by an LXR
agonist in humans [123].

BMS-852927 (Figure 5) is a selective LXR{3 partial agonist developed to stimulate
RCT and reduce atherosclerosis while minimizing adverse lipid effects typically associated
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with full LXR agonists. In transactivation assays, it shows 20% LXRx and 88% LXRf3
activity relative to a full pan-agonist. BMS-852927 (XL041) is highly potent, with an ECsg
of 9 nM and 26% activity in a human whole-blood endogenous target gene activation assay
(WBA). This benzimidazole—carboxamidine displays similar binding affinity for LXRo
and LXRp (19 and 12 nM, respectively) [124]. In preclinical monkey studies, BMS-852927
increased cholesterol efflux by up to 50% and raised HDL levels by approximately 20%
without meaningful triglyceride or LDL increases. However, in a Phase 1 human study,
single doses of 10-300 mg produced dose-dependent LDL cholesterol increases (up to
40%) and triglyceride increases (up to 60%), along with HDL reductions at the highest
doses. Neutropenia was observed in 25-30% of participants. Mechanistic analyses suggest
this neutropenia arises from LXR-mediated enhancement of neutrophil clearance and
altered cholesterol handling in hematopoietic cells (Table 5) [124]. Although BMS-852927
activated RCT markers in humans, its unanticipated lipid and immune side effects, absent
in animal models, highlight challenges of safely targeting LXR signaling for cardiovascular
therapy [124].

A similar pattern is seen with ATI-829 (3c,60t,24-trihydroxy-24,24-di(trifluoromethyl)-
5B-cholane) [125], a synthetic oxysterol analog evaluated as a potential anti-atherosclerotic
agent. In vitro, ATI-829 upregulates ABCA1 expression in THP-1 macrophage-like cells,
selectively activates LXR, and induces minimal SREBF1 (SREBP-1c) expression in HepG2
hepatoma cells, indicating low lipogenic activity. In LDL receptor knockout (LDLR/ ™)
mice, oral administration (10 mg/kg/day for 2-12 weeks) significantly induces LXR target
genes (ABCA1, ABCG5, ABCG8) in macrophages and intestine without increasing hep-
atic triglycerides. Unlike full LXR agonists, ATI-829 does not cause hypertriglyceridemia
and exhibits atheroprotective effects, reducing innominate artery lesion area by approx-
imately 60% and aortic root lesions by approximately 27% [126]. These results support
ATI-829 as a promising agent enhancing cholesterol transport while minimizing adverse
lipogenic responses.

Although achieving complete isoform selectivity remains difficult due to high LXRx
and LXRp LBD homology, LXRf3-biased ligands illustrate that promoting macrophage
cholesterol efflux while limiting hepatic SREBP-1c activation is possible. Belorusova
et al. [127] further showed that ligands such as BMS-852927, which promote ABCA1
expression (thus cholesterol efflux) without inducing triglyceride synthesis, tend to sta-
bilize helix 3 of LXRa rather than helix 12, the latter being more strongly associated
with lipogenic activation, according to hydrogen/deuterium exchange mass spectrometry
(HDX-MS) analyses.

5.2.3. Selective LXR Modulators (SLiMs)

Selective LXR Modulators (SLiMs) fine-tune LXR activity by stabilizing receptor con-
formations, preferentially activating beneficial pathways while avoiding harmful ones.
They promote cholesterol efflux (ABCA1, ABCGI), suppress inflammatory genes via tran-
srepression, and minimize hepatic lipogenesis (SREBF1 , FASN, SCD1), reducing steatosis
and hypertriglyceridemia risks. Prototypical SLiMs include DMHCA, MePipHCA, modi-
fied GW3965 derivatives, and more recently developed compounds such as compound 4
and compound 6 (Figure 5), which selectively activate efflux pathways without elevating
hepatic triglycerides.

DMHCA (N,N-dimethyl-33-hydroxy-cholenamide) is a selective LXR agonist stim-
ulating cholesterol efflux without triggering triglyceride synthesis, unlike earlier LXR
agonists [128-130]. Mechanistically, DMHCA acts by directly activating LXR and by
inhibiting the final cholesterol synthesis step, leading to desmosterol accumulation, an
endogenous LXR agonist. This dual action allows DMHCA to promote ABCA1l-mediated
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cholesterol efflux while minimally activating SREBP1c, reducing adverse effects seen with
previous LXR modulators [128-130].

In diabetic db/db mice, DMHCA restores retinal cholesterol homeostasis, slows dia-
betic retinopathy progression, reduces systemic inflammation, and corrects bone marrow
dysfunction [129,130]. Diabetes typically reduces LXR expression and oxysterol levels,
leading to retinal cholesterol accumulation. DMHCA reverses these effects by inhibiting
cholesterol synthesis, enhancing LXR-driven cholesterol efflux, and increasing oxysterol-
mediated cholesterol removal. Functionally, DMHCA improves retinal vascular structure
and vision, restores membrane fluidity in human diabetic CD34* reparative cells, lowers
inflammatory cytokines in bone marrow, and increases beneficial reparative cell popula-
tions [131] (Table 5). It also normalizes hematopoietic stem and progenitor cell (HSPC)
abnormalities, boosting erythroid and megakaryocyte progenitor formation. Single-cell
RNA sequencing identifies early lineage bias in hematopoiesis and reveals a novel AP1-high
stem cell population preferentially generating erythroid progenitors. DMHCA expands
this population and enhances erythropoiesis while upregulating LXR target genes, imme-
diate early genes, and pathways associated with protein synthesis, mammalian target of
rapamycin (mTOR), hypoxia, and nuclear factor erythroid 2-related factor 2 (Nrf2) signal-
ing. Its amphipathic structure may also directly affect membrane properties, contributing
to a broad range of biological effects.

MePipHCA (methylpiperidinyl-33-hydroxycholenamide), like DMHCA, mimics
desmosterol’s structure. Both strongly induce LXR target genes involved in choles-
terol efflux (ABCA1, ABCGI) in macrophages without activating lipogenic programs.
In mice, DMHCA and MePipHCA upregulate ABCA1 in elicited macrophages with-
out inducing liver lipogenesis, indicating macrophage-selective profiles [132,133]. These
“transrepression-selective” agonists are promising for reducing macrophage cholesterol,
as in atherosclerosis, without the adverse hepatic triglyceride accumulation seen with
non-selective LXR agonists.

In 2019, Li et al. [134] reported steroid-based LXR agonists, compounds 4 and 6, de-
signed to stimulate cholesterol efflux functions of LXRs while avoiding hepatic triglyceride
induction, a major limitation of earlier agonists (T0901317, GW3965). These compounds se-
lectively promote RCT, particularly in macrophages, while minimizing liver lipogenesis. In
animal studies, compound 4 did not elevate hepatic triglycerides, demonstrating favorable
metabolic profiles. Both compounds reduce macrophage foam cell formation, preventing
cholesterol-laden macrophage accumulation, a key step in atherogenesis. Structural stud-
ies suggest efflux-selective agonists preferentially stabilize helix 3 of LXR«, promoting
ABCAI-mediated cholesterol efflux, while traditional agonists also stabilize helix 12, driv-
ing lipogenesis. Compounds 4 and 6 appear to favor efflux-active conformations, avoiding
lipogenic pathways, exemplifying biased LXR modulation [134].

5.2.4. Tissue-Biased Activation and Targeted Drug-Delivery Approaches

Since hepatocellular LXRx activation is the primary driver of lipogenesis, spatially
restricting LXR agonism provides an effective strategy to reduce adverse metabolic effects.
Intestine-restricted agonists, such as GW6340 (an intestine-specific prodrug of GW3965,
a full LXR agonist) (Figure 5), selectively enhance HDL formation and macrophage RCT
without inducing hepatic steatosis [135]. Compared with systemic GW3965, GW6340
significantly increased macrophage-derived [*H]-cholesterol fecal excretion (approximately
52% over control), indicating enhanced RCT. Importantly, GW6340 induced intestinal
LXR target genes (ABCA1, ABCG5/8) without affecting liver gene expression or elevating
hepatic triglycerides.
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Similarly, macrophage-targeted agonists, such as nanocarrier-delivered T0901317,
GW3965-loaded liposomes, and polymeric nanoparticles functionalized with macrophage-
targeting ligands, achieve potent anti-inflammatory and pro-efflux effects without engag-
ing the liver [136]. For example, poly(lactic-co-glycolic acid)-block-poly(ethylene glycol)
(PLGA-b-PEG) nanoparticles loaded with GW3965 (NP-LXR) strongly activate LXR target
genes and suppress inflammatory mediators in macrophages both in vitro and in vivo
while avoiding lipogenic gene induction in hepatocytes.

Zhang et al. (2017) demonstrated that GW3965 encapsulated in collagen IV-targeted
polymer-lipid hybrid nanoparticles (Col IV-GW-NPs) preferentially delivered the agonist
to atherosclerotic plaques, increasing ABCA1/ABCG1 expression in plaque macrophages,
reducing macrophage content in lesions, and, unlike free GW3965, without raising hep-
atic lipid biosynthesis or plasma triglycerides [136] (Table 5). Overall, nanoparticle- or
liposome-based delivery of LXR agonists enables cell-specific targeting, particularly to
plaque macrophages, promoting cholesterol efflux, reducing inflammation, and decreasing
foam-cell formation while avoiding hepatocyte lipogenic programs. Because liver (hep-
atocellular) LXRx activation is the main unwanted lipogenesis source, such spatial LXR
agonism restriction effectively minimizes metabolic side effects.

5.2.5. Partial Agonism and Signal-Amplitude Bias

Partial LXR agonists selectively activate cholesterol efflux and anti-inflammatory path-
ways while avoiding lipogenic gene induction. These molecules engage LXR at submaximal
receptor occupancy, sufficient to induce target genes (ABCA1, ABCG1), enhancing RCT,
but remaining below the threshold required to activate SREBP-1c, the master regulator of
fatty acid and triglyceride synthesis. This pharmacological strategy allows partial agonists
to achieve beneficial LXR activation effects (cholesterol efflux, inflammatory gene transre-
pression) without promoting hepatic steatosis or hypertriglyceridemia, providing safer
pharmacological profiles.

DMHCA (N,N-dimethyl-33-hydroxy-cholenamide) (Figure 5) is a steroidal, partial
or “dissociated” LXR agonist. Unlike classical full LXR agonists, DMHCA provides many
beneficial LXR activation effects, such as enhanced cholesterol efflux and anti-atherogenic
activity, without stimulating hepatic lipogenesis or causing triglyceride accumulation [128].
In apolipoprotein E knockout (apoE ~/~) mice, chronic DMHCA treatment for 11 weeks
drastically reduced atherosclerotic plaque formation. Importantly, these mice did not de-
velop liver steatosis or hypertriglyceridemia, problems commonly arising with other LXR
agonists. DMHCA raised mRNA levels of efflux and cholesterol-catabolism genes (ABCA1,
ABCG1, CYP7A1) while not inducing SREBF1 (SREBP-1c¢) (the master lipogenic regulator) in
the liver [137]. In macrophages and foam cells in vitro, DMHCA strongly induced ABCA1
expression, promoting cholesterol efflux. In the retina, DMHCA reduced total cholesterol
content (especially unesterified cholesterol) without raising systemic triglycerides or choles-
terol. Interestingly, in this context, DMHCA appeared to work not only via LXR activation
but also by partially inhibiting the final cholesterol biosynthesis step, thereby reducing reti-
nal cholesterol production [129] (Table 5). More recently, in diabetic mouse models (db/db
mice), DMHCA treatment corrected both retinal and bone marrow dysfunction, restored
cholesterol homeostasis, reduced inflammation, and improved vascular and hematopoietic
parameters, again without promoting hepatic lipid accumulation [130,138]. Thus, DMHCA
presents favorable therapeutic indices, does not markedly raise hepatic triglycerides, and
avoids hepatosteatosis, a major barrier to clinical development of full LXR agonists.

ATI-829 (3c,6c,24-trihydroxy-24,24-di(trifluoromethyl)-53-cholane) (Figure 5) is a
steroidal LXR agonist [126]. When tested in vitro, ATI-829 activates LXR« (and to a lesser
extent LXRf3) in reporter assays, though it is relatively weaker than potent non-steroidal
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agonists such as T0901317. In macrophage cells (THP-1), ATI-829 robustly induces ABCA1,
a key cholesterol efflux gene [126]. In hepatocytes (HepG2 cells, liver-derived cells), ATI-
829 is a poor SREBF1 (SREBP-1c) inducer, the master lipogenesis regulator, compared to
non-steroidal agonists like [139] (Table 5).

In vivo (LDLR ™/~ mice fed a Western diet), oral ATI-829 selectively upregulates LXR
target genes in the intestine and macrophages but not in the liver. Accordingly, it does
not raise hepatic triglycerides or cause hypertriglyceridemia. In these mice, ATI-829 re-
duces atherosclerotic lesion development (e.g., innominate artery) [126,139]. A validated
liquid chromatography-tandem mass spectrometry (LC-MS/MS) method shows ATI-829 is
detectable in mouse plasma with good stability and linear quantification over a wide con-
centration range. After oral administration (10 mg/kg), ATI-829 reaches measurable plasma
concentrations with favorable half-lives, supporting its viability for in vivo use [125,140].

5.2.6. Modulation of Endogenous Sterol Pathways

Endogenous oxysterols, including desmosterol and 24(S),25-epoxycholesterol, serve
as natural LXR ligands and exhibit signaling bias toward cholesterol efflux and anti-
inflammatory pathways rather than lipogenesis. These oxysterols preferentially induce
expression of genes involved in RCT (ABCA1, ABCG1) and suppress pro-inflammatory
mediators, offering finely tuned, homeostatic LXR activation modes. One promising
approach to leverage this endogenous pathway is inhibition of 24-dehydrocholesterol
reductase (DHCR24), the enzyme responsible for the final cholesterol biosynthesis step.
DHCR24 inhibition leads to desmosterol accumulation, a potent, naturally occurring LXR
agonist. By enhancing desmosterol levels, this strategy promotes LXR-mediated cholesterol
efflux and anti-inflammatory effects in tissues (liver, macrophages) while minimizing
SREBP-1c-driven lipogenic program activation.

Preclinical studies have shown DHCR?24 inhibition or treatment with desmosterol
mimetics improves hepatic lipid handling, reduces inflammation, and mitigates steatosis
without triggering unwanted triglyceride synthesis increases commonly observed with
synthetic, non-selective LXR agonists. Zhou et al. (2023) [114] showed that pharmacological
DHCR24 inhibition (using compound SH42) (Figure 5) increases endogenous desmosterol, a
potent LXR agonist, in liver and plasma. In a mouse model of diet-induced MAFLD/MASH
(APOE*3-Leiden.CETP), SH42 reduced liver steatosis and inflammation [114] (Table 5).
These beneficial effects depended strictly on LXR«, and importantly, SH42 did not cause
hyperlipidemia [114].

Importantly, this approach maintains alignment with physiological regulatory net-
works, potentially offering safer and more targeted alternatives to full LXR agonists. By
exploiting endogenous sterol pathways, researchers can achieve selective LXR activity
modulation, enhancing cholesterol homeostasis and immunomodulation while avoiding
metabolic side effects.

6. Integrated View and Comparative Analysis

In the liver, NRs TRj3, ERRx, and LXR operate within a densely interconnected
regulatory network integrating hormonal cues, nutrient status, and sterol load to fine-tune
lipid and cholesterol homeostasis. These receptors share common structural domains,
including highly conserved DBDs, and frequently bind similar direct repeat-4 (DR-4)
type response elements as RXR heterodimers, creating intrinsic potential for cross-talk
through cofactor competition and promiscuous recognition of AGGTCA half-sites [62,141].
TRp and ERRo predominantly support catabolic programs: TR3 mediates TH-dependent
induction of LDLR and CYP7A1, thereby accelerating cholesterol clearance and bile acid
synthesis [142] while ERR«, largely through PGC-1« coactivation, drives mitochondrial
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biogenesis, OXPHOS, and fatty acid (3-oxidation, particularly under fasting or high-energy-
demand states [143]. In contrast, LXR functions primarily as an anabolic sterol sensor,
activated by oxysterols to promote cholesterol efflux (ABCA1, ABCG5/8), conversion to
bile acids, and robust induction of de novo lipogenesis through SREBF1 [144]. This creates
a multilayered interplay in which cooperation and antagonism coexist: TRf3 and LXR
jointly contribute to cholesterol disposal, although through partly distinct mechanisms,
yet LXR-driven lipogenesis counteracts lipid-catabolic TR actions and oxidative ERRx
programs [145]. ERR« further opposes LXR by repressing lipogenic genes while sustaining
mitochondrial energy expenditure, thereby balancing LXR-mediated triglyceride synthesis
during nutrient surplus. Collectively, these reciprocal interactions configure the liver as
an adaptive metabolic hub capable of shifting between sterol protection, lipid storage,
and oxidative energy production across feeding-fasting cycles and diverse endocrine
states [143,144]. This integrated network underscores therapeutic potential of selectively
targeting TRB and LXR in dyslipidemia and CVD while highlighting species-specific
differences, such as rodent-exclusive CYP7A1 induction, that influence drug translation and
efficacy. Recent clinical advances, including the FDA approval of resmetirom for MASH
(March 2024), validate TR as a clinically actionable target and provide proof of concept
for NR-based metabolic therapeutics [146]. Table 6 summarizes cross-talk among TRf3,
ERRe, and LXR. Figure 6 highlights converging pathways, showing how cooperative and
antagonistic interactions among TR, ERR«, and LXR influence hepatic lipid metabolism,
cholesterol homeostasis, and overall energy balance.

Oxidative Metabolism Lipid Storage-
Activation Pathway Oxidation Balance

! |

TRB  RXR - L’ERRa. RXR | E LXR RXR ¢
:}:}&’?’H"‘ Catabolic Ml &‘;‘f‘.‘sws;‘»“ﬁn Anabolic
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Figure 6. Convergent metabolic pathways in the liver: cross-talk among TRf3, ERRe, and LXR.
Schematic representation illustrating cooperative and antagonistic interactions among TR, ERR«,
and LXR in hepatic lipid metabolism. TR and ERR« drive catabolic programs (cholesterol clearance,
FAO, mitochondrial biogenesis), while LXR promotes cholesterol efflux but also stimulates lipogenesis
via SREBP-1c. These reciprocal interactions enable the liver to adaptively balance sterol protection,
lipid storage, and oxidative energy production across diverse nutritional and endocrine states.
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Table 6. Mechanistic cross-talk among TR3, ERRe, and LXR in hepatic metabolic regulation.
Mechanistic TRB > LXR TRB + ERR« ERRa <> LXR Key
Feature References
. . . ERR« can bind motifs
Shared DNA Both bind DR-4 el.ements as  Overlapping recognition of similar to NR HRES;
RXR heterodimers; AGGTCA half-sites via .
Response . . functional overlap [141]
partial overlap in gene NR .
Elements tarcets familv homolo with DR-4-regulated
& y 8y networks
Compete for RXR and shared Both recruit PGC-1 far.n.1 ly ERR« strongly depends
Cofactor . members under specific
. coactivators/ . L . on PGC-1«,
Recruitment conditions; competition with . . [143]
corepressors (e.g., SRC which can be diverted by
Patterns . other NRs - .
family) . other NRs, including LXR
possible
ERR« activity influences
transcriptional networks
related to hepatic lipogenesis;
LXR-induced SREBP-1c Generally complementary: inhibition or knockdown of
opposes TRB3-mediated lipid y prementary; ERR« has been shown to
Gene - both enhance oxidative .
. catabolism; . reduce expression of key
transcription TR metabolism, i : h [98]
interference [ can repress reducing ipogenic genes such as
lipogenic genes o FASN and ACACA,
L competition . .
indirectly functionally opposing
LXR-driven lipogenic
programs under certain
conditions
TR promotes
cholesterol clearance (LDLR, TR enhances ERR«& promotes
Reciprocal CYP7A1), mitochondrial FA oxidation,
Modulation of counterbalancing efficiency functionally counteracting [141-143]
Target Gene LXR-driven lipogenesis; LXR via thyroid hormone LXR-driven
Networks enhances signaling, complementing Triglyceride
cholesterol ERRo programs synthesis
efflux
. . Balapc.:es .choleste.ro.l Enhances Maintains equilibrium
Biological detoxification vs. lipid . . .
. mitochondrial between lipid [142,143,
Outcomes of catabolism; prevents L. .
. . .. oxidative capacity and storage (LXR) and 145]
Cross-Talk excessive steatosis or lipid . 2
energy expenditure oxidation (ERR«)

depletion

7. Conclusions and Future Perspectives

The therapeutic landscape of metabolic disorders is undergoing a profound transfor-
mation driven by advances in nuclear receptor pharmacology. The expanding portfolio of
modulators targeting TR, ERRa, and LXR«/ 3 reflects a shift toward rational endocrine
network control aimed at restoring metabolic homeostasis with increasing precision. Al-
though these receptors regulate distinct yet interconnected biological pathways (TRf3
governing hepatic lipid flux, ERRa coordinating mitochondrial energetics, and LXRs con-
trolling cholesterol trafficking), their combined modulation exemplifies a broader transition
from generalized metabolic interventions to targeted metabolic reprogramming.

Among these strategies, TR agonism currently represents the most clinically ad-
vanced approach. Liver-directed TR modulation has demonstrated robust efficacy in
reducing hepatic steatosis, improving fibrosis, and normalizing systemic lipid profiles,
establishing this pathway as a cornerstone for emerging therapies in metabolic liver disease.
The recent clinical success of selective TR agonists provides clear proof of concept that
tissue-selective nuclear receptor targeting can achieve therapeutic benefit while minimizing
systemic endocrine liabilities. Continued optimization of liver-targeted delivery strategies,
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prodrug designs, and next-generation analogs is expected to further expand the therapeutic
window of TRB-based interventions.

ERR«, long considered challenging to target due to its constitutive activity and broad
transcriptional reach, has recently emerged as a versatile metabolic regulator. Both ag-
onists and inverse agonists have demonstrated beneficial effects depending on disease
context, reflecting the receptor’s tissue-specific and pathway-dependent functions. Modu-
lation of ERR« influences mitochondrial biogenesis, oxidative metabolism, lipid handling,
and inflammatory signaling, highlighting its potential relevance for conditions ranging
from insulin resistance and obesity to metabolic inflexibility and liver disease. These
context-dependent effects position ERRx as a flexible pharmacological node rather than a
unidirectional target.

LXRa/ 3 modulation exemplifies the inherent complexity of nuclear receptor phar-
macology. While activation of LXR pathways confers potent anti-atherogenic benefits
through enhanced cholesterol efflux, excessive stimulation can provoke undesirable li-
pogenic responses in the liver. This duality has driven the development of selective, partial,
biased, or tissue-restricted LXR modulators designed to decouple cardiovascular benefit
from metabolic risk. Advances in structural biology and cofactor biology are increasingly
enabling the rational design of ligands that favor cholesterol-handling programs while
minimizing lipogenesis.

Across all three receptor classes, several shared challenges remain central to future
progress. Achieving precise tissue selectivity is critical to avoid deleterious endocrine
crosstalk, while the identification of robust, mechanism-based biomarkers is essential
for patient stratification and therapeutic monitoring. Emerging insights into chromatin
architecture, enhancer accessibility, and receptor cistromes underscore the importance
of epigenomic context in shaping nuclear receptor responses and therapeutic outcomes.
Integrating multi-omics approaches, advanced imaging, and transcriptional signatures will
be instrumental in guiding precision endocrine therapies.

Looking ahead, the convergence of nuclear receptor biology with next-generation
technologies promises transformative advances. Allosteric modulators, coregulator-biased
ligands, combinatorial pharmacological strategies, and innovative modalities such as PRO-
TACs and gene-regulatory tools offer unprecedented opportunities to fine-tune receptor
activity with pathway- and tissue-level specificity. Beyond TR3, ERR«, and LXR«/f3, com-
plementary modulation of other nuclear receptors, including glucocorticoid receptors and
retinoid X receptors, may further enhance therapeutic precision by coordinating multiple
metabolic axes simultaneously.

Collectively, these developments signal a decisive move toward precision endocrine
modulation, in which therapeutic success is dictated by receptor selectivity, tissue con-
text, transcriptional outcomes, and patient-specific metabolic architecture. Harnessing
nuclear receptor signaling in this integrated manner holds the potential to transform the
management of MAFLD, MASH, obesity, dyslipidemia, and related metabolic disorders,
shifting clinical practice from broad metabolic manipulation to targeted, mechanism-driven
metabolic rebalancing.
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