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Abstract: For many years, β-arrestins have been primarily recognized for their role in the desensitization 
and internalization of G protein-coupled receptors (GPCRs). More recently, however, they have emerged 
as versatile molecular switches that not only terminate G protein-dependent signaling but also initiate 
distinct intracellular pathways, shaping both the strength and duration of receptor responses. Advances 
in structural biology have revealed that β-arrestins adopt multiple conformations determined by receptor-
specific phosphorylation “barcodes,” enabling functional diversity across tissues and receptor subtypes. 
This review summarizes the current insights into β-arrestin structure, activation mechanisms, and 
signaling roles, with particular emphasis on their contribution to neuronal function, synaptic plasticity, and 
neurodegenerative processes. The emerging concept of functional selectivity (biased agonism), whereby 
ligands preferentially engage either β-arrestin- or G protein-mediated pathways, is also discussed. Clinically 
relevant examples—including carvedilol, oliceridine, tirzepatide, and biased dopamine or serotonin receptor 
ligands—illustrate how selective pathway targeting can improve therapeutic efficacy while minimizing 
side effects. Taken together, these advances redefine β-arrestins as dynamic regulators of GPCR signaling 
and highlight their potential as promising targets for next-generation therapeutics in neuropsychiatric and 
neurodegenerative disorders.

Keywords: β-arrestins; GPCR; signal transduction; receptor internalization; functional selectivity; biased 
agonism; central nervous system diseases.
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G protein-coupled receptors (GPCRs) consti-
tute the largest family of membrane receptors in 
the human body. The human genome encodes over 
800 GPCR genes, and approximately one-third of 
all clinically approved drugs (over 500 compounds) 
exert their effects through this receptor family [1]. 
In recent years, however, attention has increasingly 
shifted beyond the receptors themselves to include 
the regulatory and signaling proteins that modu-
late their activity. Among these, β-arrestins have 
emerged as particularly important players [2, 3].

β-arrestins (β-arrestin-1 and β-arrestin-2) are 
44–48  kDa proteins that act as key regulators of 
GPCR function. Their activity extends well be-
yond the classical “silencing” of receptor signaling. 
Although for many years they were regarded primar-
ily as mediators of receptor desensitization, recent 

studies have revealed their broader signaling roles, 
including the initiation of alternative intracellular 
cascades independent of G proteins [2, 4–8].

As pharmacology and neurobiology continue 
to advance, elucidating the roles of β-arrestins has 
become essential for a comprehensive understand-
ing of the complexity of GPCR signaling. Thus, the 
present review integrates structural, molecular, and 
pharmacological perspectives, emphasizing the ther-
apeutic potential of β-arrestin-targeted drug design 
for enhanced efficacy and safety.

Structure and Activation Mechanisms 
of β-Arrestins

Crystallographic and cryo-EM studies have 
revealed that β-arrestin-1  and β-arrestin-2  share 
a conserved two-domain architecture composed of 
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an N-terminal and C-terminal domain connected by 
a flexible hinge [9–11]. In the inactive state, these 
domains form a  compact arrangement stabilized 
by two key intramolecular interactions: the polar 
core—a  network of electrostatic contacts among 
Asp, Arg, and Lys residues—-and the three-el-
ement interaction, which tethers the C-terminal 
tail to the N-domain. This conformation maintains 
β-arrestins in an autoinhibited state, preventing 
spontaneous engagement with receptors or signal-
ing partners [12].

Upon ligand binding and activation of a GPCR, 
G protein-coupled receptor kinases (GRKs) phos-
phorylate serine and threonine residues on the cy-
toplasmic domains of the receptor. These phosphor-
ylation events generate high-affinity docking sites 
for β-arrestins, which translocate from the cytosol 
to the plasma membrane to engage the receptor. This 
process follows the phosphorylation barcode mecha-
nism, in which distinct phosphorylation patterns on 
the receptor’s C-terminal tail and/or intracellular 
loops encode specific β-arrestin conformations and 
activation states [5, 13–16].

Recognition of these phosphorylated motifs by 
positively charged residues within β-arrestin leads 
to disruption of the internal polar core, allowing in-
terdomain rotation and release of the finger loop, 

a  structural element capable of inserting into the 
transmembrane cavity of the receptor. Depending 
on the phosphorylation pattern and receptor con-
text, β-arrestins can adopt at least two major modes 
of interaction [5, 13, 17].

In the core conformation, the released finger 
loop penetrates the transmembrane cavity of the 
receptor, occupying the site that normally binds 
the C-terminal α5 helix of the Gα subunit (Figure 
1). This configuration sterically prevents further 
G protein coupling and fully desensitizes canoni-
cal G protein-dependent signaling while stabilizing 
β-arrestin in an active conformation that can scaf-
fold downstream effectors, such as ERK1/2, Src, or 
JNK [5, 11, 18, 19].

In contrast, in the tail conformation, β-arrestin 
binds primarily to the phosphorylated receptor tail 
without finger loop insertion. In this partially en-
gaged state, the receptor may remain coupled to its 
G protein, forming a megaplex that enables sustained 
or spatially restricted signaling from endosomes 
[20]. Within these endosomal megaplexes, the recep-
tor remains in an active, G protein-coupled state de-
spite β-arrestin association, allowing continued gen-
eration of second messenger,s such as cAM,P from 
internal compartments [21]. This spatially confined 
signaling prolongs and diversifies GPCR responses, 

Figure 1. Two binding modes of β-arrestin to G protein–coupled receptors (GPCRs) A. Tail conformation - β-arrestin primarily interacts 
with the phosphorylated C-terminal tail of the receptor, with minimal insertion into its transmembrane core. This configuration permits 
simultaneous G-protein coupling, forming a receptor-G protein-β-arrestin “megaplex” that supports sustained endosomal signaling, 
including cAMP and ERK activation. B. Core conformation - β-arrestin inserts its “finger loop” between the transmembrane helices 
of the GPCR, occupying the position of the G protein and thereby inhibiting classical G protein-dependent signaling. This fully engaged 
state enables β-arrestin-dependent signaling through alternative pathways, including ERK1/2, JNK, FAK, and Src kinases. The figure 
was created with BioRender.com.
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Figure 2. Schematic overview of β-arrestin recruitment and signaling following GPCR activation. Upon ligand binding, the G protein–
coupled receptor (GPCR) undergoes a conformational change that enables coupling to the heterotrimeric Gαβγ complex and/or recruits 
β-arrestins. This activates classical G protein–dependent signaling pathways through membrane-associated effectors such as adenylyl 
cyclase or phospholipase C, leading to the generation of second messengers (cAMP, Ca²+) and downstream activation of kinases including 
ERK1/2. Receptor phosphorylation by G protein-coupled receptor kinases (GRKs) creates a receptor-specific “phosphorylation barcode” 
on its cytoplasmic tail. This barcode determines the mode of β-arrestin engagement-either in the core or in the tail conformation, which 
allows a megaplex formation. β-arrestin engagement promotes receptor desensitization and internalization via AP-2 and clathrin, while 
also scaffolding downstream kinases such as ERK1/2, JNK, Src, and AKT. Within endosomes, β-arrestin-receptor complexes mediate 
G-protein–independent signaling, whereas megaplexes sustain prolonged G-protein–dependent signaling from internalized receptors. 
Internalized GPCRs are subsequently recycled or degraded, and β-arrestin-mediated kinase activation can modulate long-term nuclear 
responses. The figure was created with BioRender.com.

providing a mechanistic basis for ligand-specific ki-
netic bias and for the sustained physiological effects 
observed with certain class B receptors, including 
PTH1R and V2R [21–23].

These structural states illustrate how receptor-
specific phosphorylation barcodes can dictate dis-
tinct β-arrestin conformations and, consequently, 
distinct signaling outcomes. Rather than acting as 
simple terminators of GPCR activity, β-arrestins 
serve as dynamic and selective modulators integrat-
ing receptor desensitization, internalization, and al-
ternative signaling (Figure 2).

Functionally, β-arrestin activity can be concep-
tualized on three hierarchical levels [5, 8]:

(1) Desensitization, involving attenuation of 
cellular responsiveness through steric blockade of 
G protein coupling;

(2) Receptor internalization, mediated via 
β-arrestin-dependent recruitment of adaptor pro-
teins such as AP-2 and clathrin, initiating clathrin-
coated pit formation and receptor endocytosis; and

(3) β-arrestin-dependent signaling, which trig-
gers alternative intracellular pathways independent 
of G proteins.

Through these mechanisms, β-arrestins not 
only terminate receptor activity at the plasma mem-
brane but also define the spatial and temporal di-
mensions of cellular signaling—from the plasma 
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membrane to endosomes and even the nucleus. Their 
subcellular localization can thus be regarded as 
a pharmacodynamic biomarker reflecting the mode 
of receptor engagement and signaling bias. Distinct 
ligands can selectively stabilize one of these func-
tional states, providing a structural basis for biased 
agonism and expanding the repertoire of GPCR-
mediated cellular responses [19].

Activation of MAPK and JNK Pathways 
by β-Arrestins

β-Arrestin-1 and β-arrestin-2 play crucial roles 
in the regulation of mitogen-activated protein kinase 
(MAPK) signaling cascades. Upon GPCR activation 
and receptor phosphorylation by GRKs, β-arrestins 
act as scaffold proteins for the sequential assembly 
of Raf, MEK, and ERK kinases, thereby promoting 
spatially organized signal propagation independent 
of G protein activation [24, 25].

In canonical MAPK signaling, ERK activation 
is mediated through G protein-dependent mecha-
nisms, leading to transient nuclear translocation of 
phosphorylated ERK (pERK) and subsequent tran-
scriptional responses, such as cell proliferation or 
differentiation. In contrast, β-arrestin-dependent 
MAPK activation occurs primarily in the cyto-
plasm or within endosomal compartments. Here, 
β-arrestins anchor active ERK molecules in the 
cytosol, producing non-transcriptional outcomes 
such as cell migration and cytoskeletal remodeling 
[14, 26, 27].

Beyond scaffolding, β-arrestins can also pro-
mote allosteric activation of ERK [26]. Structural 
and biochemical data indicate that conformational 
rearrangements of β-arrestins can directly modulate 
ERK activity independently of classical upstream ki-
nases. Such mechanisms have been described for β2-
adrenergic, angiotensin AT1A, vasopressin V₂, and 
protease-activated receptor-2 (PAR₂) systems [5, 26]. 
These findings highlight the dual role of β-arrestins, 
as both scaffolds and allosteric activators, within 
MAPK signaling networks [25].

Activation of c-Jun N-terminal kinase (JNK) 
family members by β-arrestins shows distinct 
isoform selectivity compared to ERK signaling. 
Specifically, β-arrestin-2  can activate JNK3  by 
recruiting upstream kinases ASK1, MKK4, and 
MKK7, and this process can occur independent-
ly of receptor activation [17, 28]. β-Arrestin-2 can 
adopt an active conformation capable of binding 
and activating JNK3 directly, demonstrating its in-
trinsic signaling capacity. Two mechanistic modes 
of β-arrestin-dependent JNK3 activation have been 
proposed [28]:

(1) a receptor-dependent mode, in which GPCR 
activation stabilizes β-arrestin-2, promoting ASK1/
MKK4/7/JNK3 assembly; and

(2) a  receptor-independent mode, in which 
β-arrestin-2 conformation, ubiquitination state, and 
kinase-binding ability suffice to initiate signaling 
autonomously.

The subcellular localization of these 
β-arrestin-associated kinase complexes—at the 
plasma membrane, endosomes, cytoplasm, or nu-
cleus—determines distinct biological outcomes 
(Table 1). Cytoplasmic pERK typically drives mi-
gratory and cytoskeletal responses, whereas nuclear 
pERK promotes transcriptional programs under-
lying differentiation and adaptation. Importantly, 
β-arrestins can also initiate intracellular signal-
ing independent of active GPCRs. Conformational 
changes induced by interactions with other cyto-
plasmic proteins can recruit kinases and propagate 
signaling cascades in the absence of receptor en-
gagement [29]. This challenges the traditional view 
of β-arrestins as passive downstream effectors and 
supports their role as autonomous signaling regu-
lators within the cell.

Role of β-Arrestins  
in Central Nervous System

Studies in β-arrestin knockout mice have dem-
onstrated that both β-arrestin-1 and β-arrestin-2 
modulate diverse physiological processes, including 
cardiovascular regulation, metabolism, and central 
nervous system (CNS) function (Table 2) [37–40]. 
Decreased β-arrestin activity has been linked to the 
development of insulin resistance, diabetes, hyper-
tension, neurodegenerative diseases, and cancer [7, 
38, 41–45]. This wide functional range underscores 
their status as multifunctional signaling adaptors 
and potential therapeutic targets rather than simple 
regulators of GPCR desensitization [39, 46].

β-Arrestins and Antidepressant Mechanisms
Clinical and preclinical data highlight the criti-

cal role of β-arrestin-2 in the action of antidepres-
sant drugs [47–49]. Distinct antidepressant classes 
modulate β-arrestin-2  expression and subcellular 
localization in neurons. High β-arrestin expression 
is observed in brain regions involved in emotional 
regulation, including the hypothalamus, amygdala, 
and hippocampus [50]. Altered β-arrestin-2 expres-
sion was reported in the hippocampus of rodent de-
pression models, with normalization linked to anti-
depressant efficacy, while data from the prefrontal 
cortex and amygdala are supportive but less con-
clusive [51–55].
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β-arrestin-2 knockout mice fail to 
respond behaviorally to fluoxetine, in-
dicating that β-arrestin-2  is necessary 
for the therapeutic effects of selective 
serotonin reuptake inhibitors (SSRIs). 
Chronic fluoxetine treatment restores 
β-arrestin-1  and β-arrestin-2  levels in 
the hypothalamus, but not in the hip-
pocampus or amygdala of corticoste-
rone-exposed animals. Interestingly, 
antidepressants produce drug-specific 
effects on β-arrestin-2: fluvoxamine de-
creases β-arrestin-2 levels in the hippo-
campus, while imipramine and desipra-
mine increase them [51, 56]. Increased 
cortical β-arrestin-2 levels after fluvox-
amine suggest region-specific redistri-
bution or receptor-specific modulation 
of β-arrestin signaling complexes. These 
findings support a tight relationship be-
tween β-arrestin-2, serotonergic receptor 
function, and mood regulation [57, 58].

β-Arrestin Signaling Pathways 
in Neurons

β-arrestins do not possess intrin-
sic enzymatic activity but serve as mo-
lecular adaptors connecting GPCR 
activation to downstream signaling 
cascades, including the MAPK/ERK, 
PI3K/Akt, and CREB/BDNF pathways 
[59, 60]. Overexpression or mutation 
of β-arrestins may activate stress-re-
lated kinases, such as JNK, potentially 
leading to maladaptive responses [61]. 
β-arrestin regulation of NF-κB signal-
ing appears tissue- and receptor-depen-
dent, with some evidence suggesting that 
β-arrestin-2  inhibits NF-κB activation 
and inflammation [62].

Increasing evidence indicates that 
ERK1/2 and related kinase cascades act 
as critical mediators of antidepressant 
responses, partly via the modulation of 
transcriptional regulators, such as CREB 
and BDNF [40, 63–66]. β-arrestins serve 
as scaffolding intermediates that can in-
fluence these pathways indirectly by or-
ganizing the ERK and Akt/mTOR sig-
naling complexes. From a  therapeutic 
perspective, modulation of β-arrestin-
linked kinase networks, rather than 
direct alteration of β-arrestin expres-
sion, may offer a more refined means of Ta
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engaging neuroplastic and antidepressant mecha-
nisms [67].

β-Arrestins and Neuronal Plasticity
β-Arrestin-2 is essential for neuronal plastic-

ity and adult neurogenesis [51]. It is required for the 
SSRI-induced proliferation of neural progenitor cells 
in the dentate gyrus and hippocampus [68]. Acting as 
scaffold proteins, β-arrestins coordinate kinase com-
plexes that regulate the phosphorylation of synaptic 
proteins and thereby modulate processes underly-
ing long-term potentiation (LTP) and long-term de-
pression (LTD) [7]. Moreover, β-arrestin-2-mediated 
signaling has been implicated in memory reconsoli-
dation processes, with potential therapeutic implica-
tions for post-traumatic stress disorder (PTSD) and 
addiction [7, 60, 69]. Further research is needed to 
evaluate the possible risks associated with memory 
modulation through β-arrestin-dependent signaling.

Role of β-Arrestins in Neurodegenerative 
Diseases and CNS Disorders

An expanding body of evidence links 
β-arrestins to the pathophysiology of several CNS 
disorders, including Alzheimer’s disease (AD), fron-
totemporal dementia (FTD) with tau pathology, and 
Parkinson’s disease (PD) [60, 88–90]. Recent stud-
ies indicate that β-arrestins serve as key molecular 
intermediates connecting GPCR signaling with cel-
lular processes that regulate proteostasis, autophagy, 
and neuronal survival [7, 91].

β-Arrestin-2 in Alzheimer’s Disease and 
Tauopathies

In Alzheimer’s disease, β-arrestin-2  has 
been shown to interact with the α1a subunit of 
the γ-secretase complex, promoting its transloca-
tion into cholesterol-rich lipid raft domains of the 
plasma membrane. This redistribution enhances 

Table 2. Functional roles of β-arrestins in the central nervous system (CNS).

Function Description Representative 
Literature

Receptor regulation 
(desensitization, 
internalization)

β-arrestins bind phosphorylated GPCRs, switch signaling from 
G-protein-dependent to β-arrestin-mediated, recruit AP-2 and 

clathrin, and direct receptors to endocytosis.
[70–72] 

Modulation 
of neurotransmission (D2R)

β-arrestin-2 forms the Akt-PP2A complex, inhibiting Akt and 
disinhibiting GSK3, thereby affecting dopaminergic behaviors. [73]

ERK pathway activation
β-arrestins scaffold Raf/MEK/ERK components, enhancing 

ERK activation and retaining pERK in the cytoplasm/endosomes, 
distinct from G-protein signaling dynamics.

[74,75]

Endosomal signaling Certain GPCRs form stable receptor-G protein-β-arrestin 
complexes that sustain long-term signaling from endosomes. [20,76]

JNK3 activation
(β- arrestin-2 specific)

β-arrestin-2 scaffolds the ASK1-MKK4/7-JNK3 axis; activation 
may occur in receptor-dependent or receptor-independent modes [17]

cAMP regulation 
in microdomains (PDE4)

β-arrestins recruit PDE4 to β2-AR, locally reducing cAMP 
and PKA activity. [77]

Wnt/Frizzled signaling
(non-classical GPCR)

β-arrestin-2 bridges Dvl and Axin, mediating FZD4 endocytosis 
and β-catenin modulation. [78]

Nuclear functions 
(transcriptional regulation)

β-arrestin-1 translocates to the nucleus and interacts with 
p300/E2F1, modulating gene expression. [79]

Opioid tolerance Arrb2⁻/⁻ mice display enhanced morphine analgesia and reduced 
tolerance; β-arrestin-2 is critical for opioid tolerance. [80, 81]

Role in SSRI action β-arrestin-2 contributes to fluoxetine’s antidepressant effects 
(neurogenesis, chronic mild stress models). [51, 82]

5-HT2A: psychedelic-like 
behaviors

5-HT2AR-dependent behaviors are partly β-arrestin-2-dependent 
and ligand-specific. [83, 84]

5-HT1A: pERK/ERK
Moderate β-arrestin recruitment accompanying a high 

ERK phosphorylation observed of compounds with strong 
antidepressant activity in rat.

[85, 86]

Allosteric modulation 
of ERK

β-arrestins can allosterically activate ERK2 independently of 
upstream kinases. [26]

Phosphoinositide signaling 
and endocytosis

β-arrestins enhance local PI(4,5)P2 synthesis via PIP5K 
recruitment, strengthening GPCR endocytosis. [87]
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amyloid-β (Aβ) peptide generation and accelerates 
amyloidogenesis. Moreover, the G protein-coupled 
receptor GPR3  modulates Aβ production through 
β-arrestin-2  recruitment, further supporting the 
pathogenic role of this signaling pathway in AD-
related mechanisms [91].

In frontotemporal dementia with tau pathol-
ogy, oligomeric forms of β-arrestin-2  have been 
implicated in disease progression. Unlike the mo-
nomeric form, which appears to be non-pathogenic, 
oligomerized β-arrestin-2  impairs p62/SQSTM1-
dependent autophagy, reducing the clearance of 
aggregated tau protein and promoting the accumu-
lation of neurotoxic tau species [92]. This impair-
ment of autophagic flux contributes to neurodegen-
erative progression and highlights the importance 
of β-arrestin structural state in maintaining neuro-
nal proteostasis.

β-Arrestin Signaling in Parkinson’s Disease
In the striatum of patients with Parkinson’s 

disease, increased expression of β-arrestins and 
GRKs, particularly β-arrestin-2, has been re-
ported [90]. One mechanistic link involves the 
β2-adrenergic receptor (β2AR), which regulates 
the transcription of the SNCA gene encoding 
α-synuclein. Activation of β2AR by agonists such 
as clenbuterol reduces α-synuclein expression and 
exerts neuroprotective effects, most likely through 
G protein-mediated signaling [93]. Conversely, 
β-arrestin-2-dependent signaling has been associ-
ated with increased α-synuclein levels, potentially 
via epigenetic modulation of the SNCA promot-
er. These opposing mechanisms may explain how 
β-arrestin-2 contributes to disease progression and 
the emergence of drug-induced dyskinesias during 
dopaminergic therapy.

β-Arrestin Signaling and its Role 
in Schizophrenia

The therapeutic efficacy of most antipsychot-
ic agents is generally attributed to their ability to 
antagonize dopamine D2-class receptors, support-
ing the view that hyperactive dopaminergic trans-
mission within the mesolimbic pathway represents 
a key mechanism underlying the pathophysiology 
of schizophrenia [40, 94]. Beyond canonical G pro-
tein signaling, the activation of D2 receptors recruits 
β-arrestin-2, leading to the formation of a signaling 
complex composed of Akt and protein phosphatase 
2A (PP2A) [95]. This β-arrestin-2-dependent com-
plex mediates dopamine-induced dephosphorylation 
and functional inactivation of Akt, resulting in the 
disinhibition of glycogen synthase kinase-3 (GSK3) 

signaling in the striatum [96]. Dysregulation of this 
pathway contributes to abnormal dopaminergic be-
haviors that serve as preclinical correlates of psy-
chotic symptoms [97]. Conversely, antipsychotic 
drugs can normalize Akt/GSK3 activity, and several 
atypical agents—including aripiprazole and brexpip-
razole—have been shown to modulate β-arrestin-2-
dependent signaling at D2 receptors, suggesting that 
the arrestin pathway itself may contribute to their 
therapeutic efficacy [98].

β-Arrestin-2 in Addiction  
and Reward Circuitry

Beyond neurodegeneration, β-arrestin-2 plays 
a  critical role in addiction-related processes, in-
cluding tolerance, reward, and withdrawal. Studies 
on opioid receptor signaling have shown that 
β-arrestin-2  knockout mice exhibit stronger and 
longer-lasting analgesic effects following morphine 
administration and develop tolerance more slowly 
[80]. These findings led to the concept of biased 
agonism, in which ligands preferentially activate 
G protein pathways while minimizing β-arrestin 
recruitment, thereby retaining therapeutic efficacy 
with fewer adverse effects such as respiratory de-
pression or constipation [99]. Similar mechanisms 
have been described for psychostimulants such as 
cocaine and amphetamine, as well as for ethanol 
[99, 100]. In vivo studies using β-arrestin-2 knockout 
mice demonstrated its involvement in the consoli-
dation of reward-related contextual memory. Within 
the nucleus accumbens, β-arrestin-2 modulates do-
pamine D3  receptor (D3R) signaling, influencing 
drug-seeking behavior and motivational drive [95, 
101, 102]. Growing evidence suggests that selective 
targeting of β-arrestin-mediated signaling may al-
low the separation of therapeutic and adverse effects 
by modulating specific signaling nodes within the 
reward circuitry.

Collectively, data from neurodegenerative and 
psychiatric disease models indicate that β-arrestins 
not only intersect multiple signaling pathways but 
also participate directly in cellular repair and adap-
tive mechanisms, or conversely, in maladaptive, dis-
ease-promoting responses. The rapid effects of neu-
rotransmitters or psychotropic drugs typically rely 
on G protein signaling, whereas β-arrestin-mediated 
processes govern long-term adaptations, including 
tolerance, synaptic remodeling, and endosome-de-
pendent signaling [11].

This duality positions β-arrestin-2 as a crucial 
regulator of signal homeostasis in the brain [70]. Its 
oligomerization state, subcellular localization, and 
interactions with autophagic and transcriptional 
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machinery critically influence disease progression. 
Understanding these mechanisms opens new ave-
nues for the development of therapeutic strategies 
aimed at limiting neurodegeneration and maladap-
tive plasticity while minimizing side effects through 
selective modulation of β-arrestin-dependent path-
ways [40, 88, 92].

Functional Selectivity (“Biased Agonism”) 
in GPCR-Targeted Therapies: From Bench 
to Bedside

The concept of biased agonism, or functional 
selectivity, refers to the ability of certain ligands to 
preferentially activate one intracellular signaling 
branch—most often G protein or β-arrestin—while 
sparing others [103]. Such pathway bias may en-
hance therapeutic efficacy and limit adverse effects. 
Nonetheless, translation into clinical benefit remains 
challenging, as biased signaling depends on recep-
tor expression, cellular context, ligand efficacy, and 
kinetic parameters [104, 105].

This chapter reviews selected examples of clin-
ically approved and investigational biased ligands, 
covering both classical systems (β-adrenergic, 
opioid, angiotensin, and incretin) and more re-
cent areas, such as psychedelics and serotonin  
5-HT1A bias.

Clinically Approved Drugs Exhibiting 
Functional Selectivity

Carvedilol
The non-selective β-adrenergic blocker 

carvedilol, which is used to treat heart failure and 
hypertension, is a  prototypical β-arrestin-biased 
ligand at β₂-adrenergic receptors. It promotes 
β-arrestin-mediated ERK activation and EGFR 
transactivation while antagonizing Gs-coupled 
cAMP signaling [106,107]. This bias has been pro-
posed to contribute tothe cardioprotective proper-
ties of carvedilol.

Alprenolol
Alprenolol, a non-selective β-adrenergic antag-

onist, similarly induces β-arrestin-dependent ERK 
activation of β1-adrenergic receptor despite inhibit-
ing Gs-signaling, highlighting that even classical 
“blockers” can exhibit pathway bias [108].

Oliceridine (Olinvyk)
Oliceridine, approved by the FDA in 2020, is 

a G protein-biased agonist at the µ-opioid receptor 
(MOR) designed to retain analgesic efficacy while 
reducing β-arrestin-2  recruitment [109]. Although 

preclinical data supported this rationale, later stud-
ies indicated that its improved safety profile may 
arise from low intrinsic efficacy rather than pure 
bias [110, 111].

Nalfurafine
Nalfurafine, a κ-opioid receptor (KOR) agonist 

approved in Japan for the treatment of uremic pru-
ritus, shows a G protein-biased signaling pattern, 
producing antipruritic effects with minimal dys-
phoria [112–114].

Tirzepatide
The dual GIP/GLP-1 receptor agonist tirzepa-

tide (approved 2022) shows G protein-biased ago-
nism at GLP-1R, characterized by stronger cAMP 
generation over β-arrestin recruitment. Weaker re-
cruitment of β-arrestin results in reduced internal-
ization of GLP-1R, thereby enabling a more complete 
manifestation of the beneficial effects associated 
with receptor activation. This mechanism may un-
derlie its high clinical efficacy [115,116].

Aripiprazole, Cariprazine
Third-generation antipsychotics act as partial 

agonists at dopamine D2L receptors and display com-
plex, system-dependent bias-often favoring Gi/o sig-
naling with limited β-arrestin-2  recruitment [97, 
117]. The relative sparing of β-arrestin pathways may 
prevent excessive receptor desensitization and in-
ternalization, maintaining dopaminergic tone with-
in a physiological range. In neuronal systems, this 
translates to a “dopamine stabilizing” effect-atten-
uating excessive D2 activation in hyperdopaminer-
gic states while preserving signaling where dopa-
mine tone is low. Clinically, such bias is thought to 
contribute to a reduced incidence of extrapyramidal 
symptoms and improved efficacy against negative 
and cognitive symptoms compared to conventional 
D2 antagonists. It should also be considered that the 
partial agonism of cariprazine at D3 receptors may 
be involved in the reduction of negative symptoms 
[98, 118, 119].

Losartan and Other ARBs
Angiotensin II type 1 receptor (AT1R) antago-

nists can elicit β-arrestin-mediated responses even 
while blocking Gq-coupled effects, although the 
clinical relevance of such bias remains uncertain 
[120, 121]. However, subsequent studies have re-
vealed that some Angiotensin Receptor Blockers 
(ARBs) can stabilize receptor conformations ca-
pable of recruiting β-arrestins, thereby initiating G 
protein-independent signaling pathways [120]. These 
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β-arrestin-mediated responses include ERK1/2 ac-
tivation, EGFR transactivation, and modulation of 
cardiomyocyte survival and contractility, suggest-
ing that AT1R ligands may exert tissue-specific or 
context-dependent signaling bias [122].

Buprenorphine
Buprenorphine, a  partial agonist at the 

μ-opioid receptor (MOR), has often been described 
as a G protein-leaning ligand. Experimental assays 
show that it exhibits only minimal recruitment of 
β-arrestin-2 relative to full MOR agonists and main-
tains activity in G protein signaling pathways de-
spite low intrinsic efficacy [111, 123]. The clinical 
benefits of buprenorphine—including a ceiling ef-
fect on respiratory depression, reduced risk of de-
pendence, and better safety profile—are thought 
to stem in part from this signaling profile; by en-
gaging G protein pathways with limited β-arrestin 
engagement, receptor desensitization and internal-
ization are attenuated, thereby prolonging thera-
peutic signaling while limiting many side-effects 
[124]. It is worth noting, however, that the improved 
therapeutic window associated with buprenorphine 
may derive as much from its low efficacy as from 
true signaling bias, and therefore, interpretation of 
its G protein bias remains subject to ongoing de-
bate [125].

Setmelanotide
Setmelanotide, a selective MC4R agonist ap-

proved for the treatment for monogenic obesity, 
preferentially activates Gαq-PLC signaling with 
limited β-arrestin recruitment [126–128]. Functional 
studies indicate that the bias profile of setmelanotide 
may contribute to its favorable metabolic efficacy 
and reduced cardiovascular side effects, providing 
a molecular explanation for its clinical benefits in 
patients with POMC (proopiomelanocortin), PCSK1 
(proprotein convertase subtilisin/kexin type 1), or 
LEPR (leptin receptor) deficiency-associated obe-
sity [129].

Experimental and Preclinical Biased Ligands

TRV027
TRV027 (TRV120027) is a peptide, β-arrestin-

biased AT1R ligand, designed to block deleterious 
Gq-mediated vasoconstrictive signaling while pre-
serving or enhancing β-arrestin-dependent cardio-
protective pathways. Preclinical studies demon-
strated that TRV027 improved cardiac contractility, 
reduced afterload, and limited adverse remodel-
ing in heart failure models. However, despite these 

promising mechanistic and animal data, Phase II 
clinical trials (NCT01966601) in patients with acute 
heart failure failed to show significant clinical ben-
efits [130].

TRV-023
TRV-023 (TRV120023), another peptide AT1R 

ligand, selectively recruits β-arrestin while mini-
mizing Gq-mediated signaling, thereby promoting 
cardioprotective responses such as ERK1/2 activa-
tion, anti-apoptotic signaling, and improved cardiac 
function following ischemic injury [131, 132]. It was 
under development for acute heart failure but nev-
er entered clinical trials in humans. Instead, it was 
primarily used as a  research tool to elucidate the 
mechanism of action of TRV027, and likely served 
as a backup molecule within the same drug devel-
opment program [133].

Neladenoson Bialanate
Neladenoson bialanate (BAY-1067197) is 

a  small molecule, orally available partial A1-
adenosine receptor (A1R) agonist that preferentially 
engages β-arrestin-dependent signaling while min-
imizing G protein-mediated effects, such as brady-
cardia and atrioventricular block. This biased phar-
macology was expected to confer cardioprotective 
benefits without the adverse hemodynamic effects 
associated with full A1R agonists. Although preclini-
cal data suggested improved mitochondrial func-
tion and cardiac remodeling, Phase II clinical trials 
(NCT03098979) in chronic heart failure failed to 
demonstrate meaningful efficacy [134, 135].

UNC9994 and UNC9975
UNC9994  and its analogue UNC9975  are 

β-arrestin-biased D2R agonists. In preclinical 
studies, both compounds demonstrated antipsy-
chotic-like efficacy in rodent behavioral models, 
including the reversal of amphetamine-induced hy-
perlocomotion and improvement of prepulse inhi-
bition deficits [136]. These effects were absent in 
β-arrestin-2  knockout mice, confirming that their 
activity depends on β-arrestin-mediated signaling. 
The development of these compounds provided the 
first in vivo evidence that selective engagement of 
D2R-β-arrestin-2  signaling may represent a  novel 
mechanism for antipsychotic drug action with po-
tentially reduced extrapyramidal side effects [98].

SBI-553 and SBI-810
SBI-553  and SBI-810  are β-arrestin-biased 

PAMs of neurotensin receptor 1 (NTSR1) that ex-
hibit potent analgesic and anti-addictive properties 
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without inducing sedation or hypothermia in ro-
dent models [137, 138]. The compounds stabilize 
a β-arrestin-preferring NTSR1 conformation, pro-
moting ERK and Akt pathway activation that medi-
ates neuroprotective and antinociceptive responses 
[138]. Both SBI-553 and SBI-810 are currently in the 
preclinical stage of development.

Among the experimental opioid ligands, sev-
eral compounds have been developed to preferen-
tially engage G protein signaling while minimizing 
β-arrestin recruitment, aiming to preserve analgesia 
with reduced adverse effects.

PZM21, SR-17018, RB-64 and 6′-GNTI
PZM21 and SR-17018 exemplify such μ-opioid 

receptor (MOR) selective G protein-biased agonists. 
Both compounds promote robust Gᵢ/o-mediated inhi-
bition of cAMP accumulation while eliciting mini-
mal β-arrestin-2 recruitment [99, 139]. In preclinical 
studies, they produced potent analgesia with reduced 
respiratory depression and tolerance, although sub-
sequent work has shown that the extent of their bias 
may be system-dependent [140].

In contrast, RB-64 (also known as 19-epi-sal-
vinorin A) and 6′-GNTI are κ-opioid receptor (KOR) 
agonists that likewise display a marked preference 
for G protein signaling over β-arrestin pathways 
[141, 142]. Such KOR-biased ligands have been pro-
posed to dissociate the desirable antinociceptive 
and antipruritic effects of KOR activation from the 
dysphoria and sedation typically associated with 
β-arrestin recruitment.

Exendin-P5
Exendin-P5 is a GLP-1R agonist with a G pro-

tein bias, characterized by the strong activation of 
Gs-mediated cAMP production [143]. This signaling 
preference enhances insulinotropic and anorectic ef-
fects while reducing tachyphylaxis and gastrointesti-
nal side effects associated with prolonged β-arrestin 
engagement. In preclinical models, Exendin-P5 dem-
onstrated improved glucose tolerance, enhanced in-
sulin secretion, and reduced body weight, highlight-
ing its potential as a next-generation incretin-based 
therapeutic with sustained efficacy and improved 
tolerability [144].

Psychedelics and Hallucinogens:  
5-HT2A Receptor Bias

Hallucinogens such as LSD and psilocy-
bin—acting primarily through the 5-HT2A re-
ceptor—have long been proposed to signal via 
β-arrestin-dependent mechanisms. Early struc-
tural and functional studies suggested that LSD 

stabilizes a  receptor conformation favoring pro-
longed β-arrestin engagement [145, 146], and 
β-arrestin-2 knockout mice showed attenuated head-
twitch responses, supporting the potential role of ar-
restin pathways in psychedelic behaviors [146–148]. 
However, more recent pharmacological and genetic 
data challenge this view, indicating that activation 
of the Gq/11–phospholipase C pathway—leading to 
intracellular Ca2+ mobilization and cortical excita-
tion—is both necessary and sufficient for the hallu-
cinogenic-like response [149]. These findings sug-
gest that β-arrestin signaling may modulate receptor 
trafficking or temporal dynamics, but that the core 
psychedelic effect arises primarily from G protein-
mediated activation. Consistent with this, Wallach et 
al. (2023) showed that disrupting Gq-PLC signaling 
markedly attenuates the head-twitch response and 
that a threshold level of Gq activation is required to 
elicit hallucinogenic effects, explaining why cer-
tain partial agonists such as lisuride, despite acti-
vating G protein signaling, remain non-psychedelic. 
Current models thus emphasize that the magnitude 
and kinetics of Gq-mediated activation, rather than 
β-arrestin recruitment, determine whether 5-HT2A 
receptor engagement produces hallucinogenic or 
purely therapeutic outcomes [148, 149].

5-HT1A Receptor Biased Agonists: NLX-101 
(F15599) and NLX-204

Highly selective 5-HT1A receptor biased ago-
nists such as NLX-101 (F15599) and NLX-204 ex-
emplify how functional selectivity can yield rap-
id-acting antidepressant profiles. These ligands 
preferentially engage postsynaptic cortical 5-HT1A 
receptors, promoting ERK/CREB/BDNF-linked 
neuroplasticity while avoiding autoreceptor desen-
sitization [3,6,150–153].

NLX-101  displays nanomolar affinity and 
a strong bias toward ERK phosphorylation over Gi-
mediated responses, producing sustained antide-
pressant-like and pro-cognitive effects in rodents 
[151,153,154]. Importantly, NLX-101 has also been 
studied for potential use in the treatment of Fragile 
X syndrome, reflecting its promising procognitive 
and neuroplastic effects demonstrated in preclini-
cal models [155]. Medicinal-chemistry optimization 
led to NLX-204 and related aryloxyethyl derivatives 
maintaining ERK-preferring profiles and exhibit-
ing ketamine-like rapid-acting antidepressant effi-
cacy in a chronic mild stress model [150,156,157]. 
Mechanistically, their bias promotes cortical pyra-
midal disinhibition and neurotrophic activation, of-
fering a non-hallucinogenic route for rapid-acting 
antidepressant therapy [152, 158].
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Functional selectivity is now recognized 
across diverse GPCR families. Clinically approved 
agents such as carvedilol, oliceridine, and setmela-
notide demonstrate that bias can be therapeutically 
relevant, while compounds such as TRV027, nelad-
enoson, or certain psychedelics reveal their limi-
tations. Structural biology continues to elucidate 
the conformational bases of bias [159]. In psychia-
try, biased 5-HT2A and 5-HT1A agonists suggest 
a path toward rapid-acting yet non-hallucinogenic 
therapies.

In conclusion, biased agonism is a powerful but 
nuanced principle: it can separate desired from ad-
verse effects, yet requires rigorous mechanistic vali-
dation and thoughtful translational design.

DISCUSSION

Over the past two decades, the view of β-arrestins 
has shifted from that of simple terminators of 
GPCR signaling to multifunctional scaffolding 
and signaling proteins that diversify receptor out-
put. The accumulated structural, biochemical, and 
functional data demonstrate that β-arrestins op-
erate as dynamic modulators capable of integrat-
ing spatial and temporal signaling information. 
The concept of phosphorylation barcodes provides 
a  unifying framework explaining how receptors 
encode distinct β-arrestin conformations and sig-
naling profiles [5, 13]. This mechanistic plasticity 
translates directly into cellular and physiological 
diversity, positioning β-arrestins at the crossroads 
of receptor desensitization, trafficking, and signal  
propagation.

In the central nervous system, β-arrestins have 
emerged as critical regulators of synaptic plasticity, 
mood regulation, and neurodegeneration [7]. Their 
dual role in both adaptive and maladaptive process-
es exemplifies the “signaling homeostasis” model, 
wherein G protein-mediated signaling provides rapid 
responses, whereas β-arrestin-dependent pathways 
shape long-term adaptations [11]. Dysregulation of 
these pathways, whether through altered β-arrestin 
expression, post-translational modification, or oligo-
merization, may contribute to the pathophysiology 
of depression, addiction, and neurodegenerative dis-
orders such as Alzheimer’s and Parkinson’s disease 
[88,89]. Importantly, these effects are not merely 
secondary to receptor desensitization but also re-
flect the intrinsic signaling properties of β-arrestins 
themselves.

The concept of biased agonism has provid-
ed a powerful pharmacological framework for ex-
ploiting β-arrestin-mediated signaling. Ligands 

such as oliceridine [109], nalfurafine [113, 114], 
or carvedilol [106] illustrate how selective path-
way engagement can dissociate therapeutic effects 
from adverse events. However, translating recep-
tor bias into clinical success remains challenging. 
Quantifying bias in vivo requires context-dependent 
assessment of receptor expression, signal amplifi-
cation, and effector coupling [104]. Moreover, the 
same ligand may display opposite biases across tis-
sues or species, complicating the prediction of clini-
cal outcomes [8].

Recent developments in structural pharma-
cology and cryo-EM have begun to reveal the con-
formational basis of functional selectivity [5]. In 
psychiatry, this opens the possibility of designing 
ligands that mimic the rapid antidepressant effects 
of psychedelics without hallucinogenic liability, an 
idea supported by recent data on ERK/BDNF-biased 
5-HT1A agonists [156, 157].

Nevertheless, major questions remain. The 
physiological relevance of β-arrestin bias across re-
ceptor families is still not completely understood, 
and distinguishing true bias from differences in ef-
ficacy or kinetics remains experimentally demand-
ing. Additionally, the long-term consequences of se-
lectively activating β-arrestin pathways, particularly 
in the CNS, require careful evaluation given their 
involvement in processes such as memory reconsoli-
dation, autophagy, and protein aggregation. Future 
research should combine high-resolution structural 
approaches with cellular and behavioral models to 
define the therapeutic “sweet spot” of β-arrestin 
signaling.

CONCLUSIONS

β-Arrestins represent a paradigm shift in our 
understanding of GPCR biology—from passive de-
sensitizers to active, versatile signaling regulators. 
Their ability to integrate receptor phosphorylation 
patterns, spatial localization, and protein–protein 
interactions enables diverse cellular outcomes with 
profound physiological relevance. In the nervous 
system, β-arrestins bridge receptor activation with 
neuroplasticity, mood regulation, and proteostatic 
balance, suggesting that modulation of β-arrestin-
dependent signaling could support the development 
of innovative therapies for neuropsychiatric and neu-
rodegenerative disorders.

The concept of biased agonism offers a ratio-
nal framework for drug discovery within this land-
scape. By selectively modulating G protein versus 
β-arrestin signaling, it becomes possible to dissoci-
ate efficacy from side effects—a principle already 
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validated by clinically approved biased ligands. 
Experimental compounds such as NLX-101  and 
NLX-204 further illustrate how this approach can 
translate into next-generation drug candidates with 
rapid and sustained efficacy.

Ultimately, the therapeutic exploitation of 
β-arrestin biology will depend on bridging mo-
lecular mechanisms with system-level physiology. 
Integrating structural pharmacology, computational 
modeling, and translational neuroscience promises 
to unlock the full clinical potential of β-arrestin-
biased signaling, ushering in a new era of precision 
GPCR pharmacology.
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