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Abstract: Apelin receptor (APLNR) is a crucial G protein-coupled receptor that plays a central role in cardiovascular homeostasis;
therefore, it represents a promising therapeutic target for heart failure, myocardial infarction, cardiac hypertrophy, and pulmonary
arterial hypertension. However, the activation of APLNR simultaneously engages inhibitory G protein (G,)-mediated protective
signaling and B-arrestin pathways that are associated with pathological cardiac remodeling, thereby imposing significant limitations
and challenges for the therapeutic development of conventional balanced agonists. Recent advances in structural biology and
pharmacology have provided valuable mechanistic insights into receptor activation and biased signaling. High-resolution cryo-
electron microscopy (cryo-EM) structures revealed the conformational basis of signal bias, enabling the rational design of fully
G protein-biased agonists that retain cardiovascular benefits while avoiding hypertrophic effects. This review summarizes recent
progress in APLNR signaling mechanisms and biased ligand development, highlighting a number of emerging strategies for the

precision pharmacological targeting of this receptor.

Key words: Apelin receptor (APLNR); G protein-coupled receptor; Biased signaling; Drug design

1 Introduction

G protein-coupled receptors (GPCRs), constitut-
ing the largest family of membrane receptors in the
human genome, regulate a broad spectrum of physio-
logical processes. Owing to their central role in signal
transduction, GPCRs represent one of the most suc-
cessful classes of drug targets, with more than one-third
of approved medicines acting on this receptor family
(Lorente et al., 2025). In the cardiovascular system,
GPCR signaling plays a pivotal role in controlling myo-
cardial contractility, vascular tone, fluid homeostasis,
and cardiac remodeling. Unsurprisingly, dysregulation
of these signaling pathways is closely associated with
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the development of major cardiovascular diseases
(Wang et al., 2018; Grogan et al., 2023). GPCRs have
long been recognized as key therapeutic targets for
treating cardiovascular conditions. Among them, the
apelin receptor (APLNR), also known as APJ, has
emerged as a highly promising target due to its direct
protective actions on both the heart and vasculature
(Chapman et al., 2023).

APLNR was initially classified as an orphan
GPCR and was later found to be activated by the en-
dogenous peptide ligand apelin and Elabela (ELA)
(Tatemoto et al., 1998; Chng et al., 2013). The acti-
vation of APLNR by these peptides has been shown
to exert a range of beneficial cardiovascular effects,
including enhanced cardiac contractility, vasodilation,
and protection against pathological remodeling (Kinjo
et al., 2021; Rozwadowski et al., 2022; Gao and Chen,
2023). Despite these beneficial roles, the signaling prop-
erties of APLNR are intrinsically complex. Ligand bind-
ing can activate both inhibitory G protein (G,)-mediated
pathways and [-arrestin-dependent signaling. While G,
signaling is generally associated with cardioprotective
effects, increasing evidence suggests that B-arrestin
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pathways may contribute to pathological cardiac
remodeling under certain conditions (Scimia et al.,
2012; Brame et al., 2015; Yang et al., 2019; Seo
et al., 2020; Sun et al., 2025). This dual signaling prop-
erty presents a major challenge for therapeutic devel-
opment, as conventional balanced agonists may acti-
vate both beneficial and potentially detrimental path-
ways. Recent advances in structural biology, including
studies from our group and others, have elucidated
the conformational basis of APLNR activation and
signaling bias (Yue et al., 2022, 2025b; Wang et al.,
2024; Sun et al., 2025). These insights provide a foun-
dation for the structure-guided design of biased ago-
nists that selectively enhance cardioprotective signal-
ing, representing an important step toward the preci-
sion pharmacological targeting of APLNR in cardio-
vascular disease.

2 Expression patterns and physiological roles
of APLNR in the cardiovascular system

APLNR is broadly expressed in the cardiovas-
cular system, such as in cardiomyocytes, vascular
endothelial cells, vascular smooth muscle cells, and
cardiac fibroblasts, where it contributes to the regula-
tion of cardiac contractility, vascular tone, and cardiac
remodeling (Kinjo et al., 2021; Rozwadowski et al.,
2022). The activation of the apelin/APLNR signaling
axis exerts multiple beneficial effects on cardiovas-
cular physiology. In the heart, APLNR activation en-
hances myocardial contractility and improves cardiac
performance without markedly increasing heart rate
(Losano et al., 2005). In the vasculature, apelin signal-
ing promotes vasodilation primarily through endothe-
lial nitric oxide-dependent mechanisms, thereby re-
ducing peripheral vascular resistance and contributing
to blood pressure regulation (Zhong et al., 2007). In
addition, the apelin/APLNR system participates in the
control of fluid homeostasis by promoting natriuresis
and diuresis (Chapman et al., 2024). Beyond these phys-
iological functions, accumulating evidence indicates
that APLNR activation exerts protective effects under
pathological conditions. In experimental models of car-
diovascular stress, stimulation of the apelin/APLNR
pathway attenuated cardiac hypertrophy, suppressed
fibrosis, and improved cardiac function, highlight-
ing its therapeutic potential in heart failure and other
cardiovascular diseases (Marczewski et al., 2022; Tang

et al., 2024; Girault-Sotias et al., 2025; Hasheminezhad
et al., 2025).

Collectively, these findings establish the apelin/
APLNR axis as an important endogenous regulatory
system that integrates cardiac contractility, vascular tone,
and fluid homeostasis. However, understanding how
APLNR signaling produces these diverse physiolog-
ical effects requires a detailed examination of the mo-
lecular mechanisms that govern receptor activation and
downstream signaling.

3 Molecular regulatory mechanisms of APLNR
signaling

3.1 Structural mechanism of APLNR activation

Structural studies over the past few years have sig-
nificantly advanced our understanding of how APLNR
is activated and how ligand recognition is translated
into distinct downstream signaling outputs. The first
major breakthrough came from the work of Yue et al.
(2022), who resolved the cryo-electron microscopy
(cryo-EM) structure of the APLNR homodimer in com-
plex with the G, protein, providing the first structural
evidence of a class A GPCR dimer bound to a G pro-
tein. Their study revealed that the receptor forms a
symmetric homodimer mediated by a small hydro-
phobic interface located at the transmembrane helix
3—extracellular loop 1 (TM3—-ECL1) region, involving
the conserved FGTFF motif. Importantly, within this
dimeric assembly, only one protomer is directly cou-
pled to the G, protein, while the second protomer re-
mains uncoupled, suggesting an asymmetric mode of
activation. This structural feature suggests that APLNR
dimers do not signal through the simultaneous activa-
tion of both protomers; rather, signal transduction oc-
curs via an asymmetric “two receptors—one G protein”
coupling mechanism, thereby establishing a defined
receptor—G protein stoichiometry.

Building upon this framework, our group further
determined multiple structures of APLNR activated by
distinct ligands, including endogenous peptide ago-
nists and small-molecule agonists, thereby expanding
the mechanistic understanding of receptor activation
(Wang et al., 2024). Structural analyses of the endoge-
nous ligand apelin, the G protein-biased peptide ago-
nist MMO07, and the small-molecule agonist CMF-019
revealed the presence of both shared and ligand-specific



mechanisms of receptor activation. In all cases, ligand
engagement within the orthosteric pocket stabilized
the outward displacement of TM6 and rearrangement
of the conserved microswitch network, thereby creat-
ing a cytoplasmic interface competent for G, coupling.
However, these ligands exhibit distinct binding modes
and conformational effects on the receptor. The endog-
enous peptide apelin inserts its C-terminal residues
deep into the transmembrane core, establishing exten-
sive polar and hydrophobic interactions that stabilize
a canonical active conformation of APLNR. In con-
trast, MMO7 adopts a modified peptide conformation
that reinforces interactions with key residues in the
upper transmembrane cavity and extracellular loops,
preferentially stabilizing receptor conformations that
favor G, engagement while limiting B-arrestin recruit-
ment. The small-molecule agonist CMF-019 occupies
a more compact binding pocket within the transmem-
brane bundle and activates the receptor through a dis-
tinct set of interactions that converge on the same in-
tracellular activation switches. Together, these struc-
tures reveal how chemically diverse ligands converge
on a common activation pathway while stabilizing dis-
tinct conformational intermediates, providing a struc-
tural basis for ligand-dependent signaling bias and of-
fering new insights into the rational design of selec-
tive APLNR modulators.

3.2 Molecular basis of biased signaling

The divergent physiological outcomes of G- and
B-arrestin-mediated APLNR signaling have driven a
strong interest in uncovering the structural determi-
nants of signaling bias and in developing ligands that
selectively engage beneficial pathways. Our studies
first uncovered the molecular mechanism of biased
signaling in APLNR. Cryo-EM structures of APLNR—
G, complexes bound to distinct agonists revealed that
ligand-dependent remodeling of the orthosteric pocket
propagates through conserved microswitch networks
to the intracellular surface, thereby controlling trans-
ducer coupling (Wang et al., 2024). These analyses
further defined “twin hotspots”—the deep binding
pockets accommodating the key residues M11 and
F13 of apelin that serve as key structural elements deter-
mining receptor selectivity toward downstream signal-
ing effectors. This mechanistic insight directly guided
the rational design of two fully G,-biased agonists,
WN353 and WN561.
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Beyond ligand binding, receptor oligomerization
has emerged as a critical modulator of signaling bias.
High-resolution cryo-EM structures of APLNR dimers
across multiple conformational states ranging from
apo, antagonist-bound, intermediate, to fully G protein-
coupled active states have illuminated how dimer dy-
namics influence transducer selectivity (Yue et al.,
2025a; Ji et al., 2026). These structures reveal that
APLNR dimers preferentially couple to a single G,
heterotrimer, adopting a 2:1 receptor—G protein stoi-
chiometry, whereas monomers engage G, in a canon-
ical 1:1 complex. Notably, our study highlighted that
G protein binding induces steric clashes with the non-
coupled protomer, facilitating dimer dissociation and
promoting monomer formation during activation (Ji
et al., 2026). Functional studies further demonstrated
that monomeric APLNR exhibits significantly higher -
arrestin activity compared to the dimeric form, while G;
signaling remains comparable between the two states.
This oligomerization-dependent bias indicates that di-
meric APLNR inherently favors G, signaling by limit-
ing B-arrestin coupling, whereas monomers possess en-
hanced potential to engage arrestin pathways and may
thus contribute to adverse hypertrophic signaling. More-
over, our findings showed that different ligands exhibit
distinct propensities to induce dimer pre-dissociation
in the intermediate G protein-free state: higher potency
agonists such as AMG986 penetrate more deeply into
the orthosteric pocket, inducing conformational changes
that predispose the dimer to dissociate upon G protein
binding and thereby promote [3-arrestin-prone monomer
formation (Ji et al., 2026). However, an important unre-
solved question remains: whether this oligomerization-
dependent mechanism also contributes to the pharma-
cological profiles of relatively weak or G;-biased ag-
onists, including MMO07, WN353, and WN561. At pres-
ent, there is no direct evidence establishing how these
ligands regulate the dimer—monomer equilibrium of
APLNR; hence, it remains unknown whether their G-
biased properties are associated with reduced dimer
pre-dissociation and preferential stabilization of the
dimeric receptor or are largely independent of the re-
ceptor oligomeric state. Resolving this question will re-
quire the direct characterization of ligand-dependent
receptor oligomerization using complementary struc-
tural and quantitative approaches in living cells. Such
studies will be particularly important for determining
whether controlling the dimer-to-monomer transition



1062 | Journal of Zhejiang University-SCIENCE B 2026 27(10):1059-1065

represents an additional, therapeutically exploitable
dimension of APLNR signaling bias. This ligand-
dependent modulation of oligomeric dynamics adds an
additional layer of complexity to biased signaling, sug-
gesting that optimal therapeutic profiles may require
not only the selective stabilization of G.-favoring con-
formations but also the modulation of receptor oligo-
meric states to minimize B-arrestin engagement.

Collectively, these structural and functional in-
sights establish a multidimensional framework for un-
derstanding APLNR-biased signaling, thereby enabling
the rational design of fully G;-biased agonists with im-
proved safety profiles and providing a paradigm for
developing pathway-selective therapeutics targeting
other GPCRs where biased signaling offers therapeu-
tic advantages (Fig. 1).

4 Precision pharmacological targeting of
APLNR: development of biased agonists

The elucidation of the APLNR multidimensional
biased signaling framework has provided a rational
foundation for the development of next-generation ther-
apeutics with enhanced safety profiles. At the same
time, the evolution from balanced agonists to fully
G protein-biased agonists has been fraught with chal-
lenges, primarily due to the difficulty of mitigating

(@) “Twin hotspots”

G protein B-arrestin G protein
pathway pathway pathway
(cardioprotection)  (hypertrophy) (cardioprotection)

D Apelin/ELA/AMG986
WN561/AP-7

» MMO07/CMF-019

(b) APLNR monomer

B-arrestin-mediated adverse effects such as cardiac hy-
pertrophy. Over the past decade, several small-molecule
agonists, including AMG986 (NCT03276728), BMS-
986224 (NCT03281122), and CLR325 (NCT02696967),
have advanced to clinical trials but have yet to demon-
strate clear therapeutic advantages for heart failure,
highlighting the critical need for more sophisticated
design strategies.

Early efforts to achieve biased signaling yielded
partially G protein-biased agonists, such as MMO07 and
CMF-019, which showed promise in preclinical studies
by demonstrating reduced f-arrestin recruitment com-
pared to apelin. However, these compounds exhibited
diminished G protein activity relative to the endoge-
nous ligand and retained residual B-arrestin engage-
ment, limiting their therapeutic potential. Notably, func-
tional characterization revealed that while CMF-019
preserved cardiomyocyte viability and mitochondrial
function under pathological stress, it failed to abolish
pro-hypertrophic effects and exhibited no anti-fibrotic
activity, underscoring the limitations of partial bias
(Read et al., 2021; Sun et al., 2025).

Based on two distinct structural mechanisms, the
authors of this review and other researchers have suc-
cessfully developed highly selective G protein-biased
agonists. We obtained WN561, the first designed fully
biased APLNR agonist, through structure-guided analy-
sis and engineering of the “twin hotspot” regions

APLNR dimer

4 )OS 8E )
Dimer dissociation /%
B-arrestin G protein B-arrestin
pathway pathway pathway
(hypertrophy) (cardioprotection) (hypertrophy)

Fig. 1 Model for the signaling bias regulation of apelin receptor (APLNR) monomers and dimers. The APLNR signaling
bias is regulated by two complementary mechanisms: ligand-dependent conformational selection within the orthosteric
binding pocket and receptor oligomerization. (a) The ligand-binding pocket contains “twin hotspots,” where different
ligands adopt distinct binding poses that induce specific receptor conformations and thereby selectively modulate downstream
signaling pathways. Balanced agonists (apelin/Elabela (ELA)/AMG986; pink denotes G protein and blue denotes B-arrestin;
pie diagrams represent the proportional contributions of different signaling pathways) activate both G protein and B-arrestin
pathways, whereas partially biased agonists (MMO07/CMF-019) and fully G protein-biased agonists (WN561/AP-7) exhibit
varying degrees of signaling bias. (b) The stabilization of dimeric receptor conformation favors the maintenance of G

protein signaling while reducing p-arrestin recruitment.



of endogenous ligand—receptor interaction. Cryo-EM
validation confirmed that WN561 stabilizes a receptor
conformation that fully activates the G, protein while
precluding the rearrangements required for -arrestin
recruitment, thereby effectively counteracting cardiac
hypertrophy and reducing side effects in preclinical
models (Wang et al., 2024). Subsequently, AP-7 was
developed by Sun et al. (2025) through a “biased chem-
ical space remodeling” strategy leveraging the high-
resolution structure of the CMF-019—APLNR-G, com-
plex. This compound completely abolishes B-arrestin
signaling by disrupting the Y264°*'-K268%* electro-
static interaction network critical for B-arrestin recruit-
ment, while it demonstrated superior therapeutic effi-
cacy in heart failure with preserved ejection fraction
(HFpEF) mouse models by improving glucose toler-
ance and attenuating cardiac hypertrophy and fibrosis.
Together, these two cases demonstrate that design strat-
egies based on detailed structural mechanisms can be
successful in developing next-generation biased drugs
with precise signaling profiles.

5 Future directions: Al-driven design and
oligomer-selective targeting of APLNR agonists

The successful development of fully G-biased
agonists WN561 and AP-7 demonstrates that structure-
guided design can achieve precise modulation of APLNR
signaling. Building upon these advances, emerging
strategies integrating artificial intelligence (AI) and
oligomer-selective targeting, including Al-accelerated
peptide and small-molecule discovery, promise to fur-
ther expand the therapeutic landscape. The expanding
structural dataset of APLNR, which encompasses mul-
tiple conformational states, diverse ligand chemotypes,
and both monomeric and dimeric assemblies, provides
an ideal foundation for machine learning approaches.
Deep learning architectures, including graph neural net-
works, transformers, and diffusion models, have revo-
lutionized peptide design by enabling the generation of
novel sequences with predefined binding properties
(Rettie et al., 2025a; Scharbert and Strodel, 2025;
Ekambaram and Dokholyan, 2026). Al-driven ap-
proaches offer particular advantages for peptide thera-
peutics: they can explore a vast chemical space beyond
natural amino acids, integrate non-canonical amino acids
to enhance metabolic stability, and predict key drug-like
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parameters such as toxicity, solubility, and permea-
bility, thereby reducing experimental screening costs
(Choudhury et al., 2025).

Recent advances provide relevant precedents for
applying these approaches to constrained ligands and
GPCR modulators. Two complementary foundational
methods illustrate the capabilities of Al-enabled pro-
tein engineering: ProteinMPNN designs amino acid se-
quences conditioned on a specified backbone (Dauparas
et al., 2022), whereas RFdiffusion generates protein
backbones that can be subsequently coupled to se-
quence design and experimental screening (Watson
et al., 2023). In 2025, an adapted diffusion-based work-
flow enabled the design and experimental validation of
high-affinity protein-binding macrocycles (Rettie et al.,
2025b). This study extended generative protein design
toward compact, conformationally constrained scaffolds
and therefore provided a useful methodological prece-
dent for peptide-like ligand discovery, although it did
not establish APLNR binding or signaling bias.

The conceptual connection to GPCR pharmacol-
ogy became more direct with the development of
de novo-designed GPCR exoframe modulators. In
2026, certain designed membrane proteins were shown
to engage the transmembrane surface of the dopamine
D1 receptor and modulate receptor signaling allosteri-
cally (Cheng et al., 2026). This demonstrates that com-
putationally designed molecules can regulate GPCR
function by targeting receptor surfaces outside the con-
ventional orthosteric pocket, thereby expanding the
druggable landscape of GPCRs. However, whether this
strategy can be translated to APLNR and, importantly,
whether designed modulators can selectively target dis-
tinct APLNR conformational or oligomeric states re-
main unknown. APLNR-directed designs will therefore
require the experimental confirmation of binding, re-
ceptor selectivity, G, activation, f-arrestin recruitment,
and oligomeric-state effects rather than relying on struc-
tural predictions alone.

Beyond molecular generation, advances in struc-
tural biology are beginning to provide the dynamic infor-
mation needed to define which receptor states should be
targeted. Time-resolved cryo-EM of the B2-adrenergic
receptor—stimulatory G protein (G,) complex could
capture successive intermediates after guanosine tri-
phosphate (GTP) addition, resolving conformational
changes during G protein activation and dissociation
(Papasergi-Scott et al., 2024). Such temporal information
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complements static endpoint structures and suggests
that future APLNR ligand design could move from
targeting a single structural snapshot toward targeting
a conformational ensemble. However, the kinetics and
intermediates observed for f2-adrenergic receptor—G;,
cannot be assumed to apply directly to APLNR-G..
Combining time-resolved structural approaches with
signaling and oligomerization measurements may there-
fore reveal transient APLNR states that are selectively
associated with G, versus B-arrestin signaling and thus
provide new templates for state-selective ligand design.

These dynamically defined receptor states could
then provide structurally informed templates for Al-
guided molecular design, linking the characterization
of APLNR conformational ensembles directly to the
generation of state-selective ligands. In this framework,
generative chemistry algorithms, trained on the struc-
tural determinants of bias identified in our studies (in-
cluding the Y264°"'-K268"* electrostatic network), can
explore previously inaccessible chemical space to de-
sign novel scaffolds with predefined signaling profiles,
accelerating the discovery of orally bioavailable can-
didates with optimized pharmacokinetics. Furthermore,
the recognition that APLNR monomers and dimers
exhibit distinct signaling propensities, whereby dimers
inherently favor G, signaling whereas monomers pro-
mote P-arrestin engagement, opens an unexplored di-
mension for therapeutic intervention. Ligands that sta-
bilize the dimeric configuration or slow the G protein-
induced dimer-to-monomer transition could provide
therapeutic benefit for cardiovascular indications where
minimizing B-arrestin activity is of paramount signifi-
cance. The structural resolution of the dimer interface,
particularly the cholesterol-stabilized intracellular con-
tacts and the F101°** “dimer switch,” yields precise mo-
lecular targets for developing allosteric modulators that
bias receptor oligomeric equilibrium. Such approaches
could complement traditional orthosteric bias, offering
an additional layer of selectivity in fine-tuning thera-
peutic outcomes by targeting specific receptor quater-
nary structures.
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