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Abstract

Sustained neurohormonal stress, adverse myocardial remodeling, and inflammation are
major components of heart failure (HF) progression. Alterations in circulating neurohor-
monal signaling are directly sensed by the β-adrenergic receptor (βAR), a system mainly
responsible for chronotropic and inotropic cardiac responses. βARs are regulated by
G-protein-coupled receptor (GPCR) kinase 2 (GRK2). Within this context, decades of study
have unraveled mechanistic details on how GRK2 canonically imposes a “brake” on βARs
and other GPCR-mediated signaling. Notably, an expanding body of evidence demon-
strates that GRK2 functions in a highly compartment- and cell-dependent manner, with
roles extending far beyond GPCR regulation. These noncanonical activities span metabolic
control, maintenance of organelle integrity, and regulation of inter-cellular signaling net-
works, particularly those governing immune–vascular interactions. In this review, we will
discuss recent advances in our understanding of the cell-specific functions of GRK2, its
emerging biological roles in cardiac diseases, and the opportunities these findings present
for advancing mechanistic insights in cardio-oncology. We propose that the therapeu-
tic value of GRK2 is directly dependent on a deeper understanding of its noncanonical
functions in a compartment- and cell-specific manner within a disease-specific context.

Keywords: GRK2; heart failure; β-adrenergic receptors; ischemia/reperfusion; cardio-
oncology; anthracyclines; immune checkpoint inhibitors

1. Introduction
Heart failure (HF) is a progressive cardiovascular disorder in which impaired cardiac

function limits the heart’s ability to maintain sufficient blood flow to peripheral tissues.
Paradoxically, chronic sympathetic nervous system (SNS) stimulation is a major driver
of this process. While SNS activation supports early increases in cardiac output, chronic
adrenergic signaling accelerates remodeling, promotes arrhythmias, and increases mortal-
ity [1–3]. On the organ level, this causes the heart to gradually lose its ability to increase
contractile strength. At the receptor level, cardiomyocytes undergo downregulation and
uncoupling of βARs, limiting stress-induced increases in contractility, commonly described
as loss of inotropic reserve [2,4,5].

GRKs directly regulate βAR desensitization through agonist-dependent receptor phos-
phorylation, which promotes β-arrestin recruitment and uncoupling from G-protein signal-
ing [6,7]. There are seven GRK isoforms, whereas the major isoforms in the heart are GRK2
and GRK5. For a detailed biochemical introduction of the GRK family and role of GRKs
in GPCR-signaling, refer to this comprehensive review [7]. Early studies in human HF
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showed that GRK2 expression and activity were increased in failing ventricles and that this
increase coincided with impaired βAR responsiveness [3,5]. Later work showed that GRK2
levels were elevated in peripheral blood cells, mirroring those in the myocardium and
correlating with HF severity [5,8]. These findings placed GRK2 as the nexus of sustained
sympathetic drive and diminished adrenergic reserve in HF.

Importantly, recent studies have shown that GRK2 has a broader cellular impact that
goes beyond the canonical “βAR brake.” These noncanonical functions of GRK2, including
its role in metabolic remodeling, mitochondrial injury, immune–vascular signaling, and
treatment-related cardiotoxicity, are discussed in later sections of this review. Table 1 sum-
marizes localization, cell-type expression, and major contexts related to GRK2 addressed in
this review.

Table 1. GRK2 role in context- and cellular-type-dependent compartmentalization (OSS = Oscillatory-
Shear Stress; DOX = doxorubicin; ICI = immune checkpoint inhibitor).

Context GRK2
Level/State Compartment(s) Immune

Effects
Metabolic

Effects
Biomarker
Potential

Therapeutic
Targets Key Refs

Acute I/R
GRK2

degradation;
Pin1/AKT loss

Membrane ↓;
Mitochondrial
trafficking risk

Neutrophil
influx shaped
by fibroblast

GRK2

AKT pathway
suppression —

Preserve
GRK2/AKT;
inhibit cal-

pain/proteasome
(timed)

[9,10]

Post-Acute I/R
ERK → Ser670;
Hsp90 → mito

GRK2

Mitochondria
↑

Pro-death
signaling;

mPTP opening

ROS ↑;
Apoptosis ↑ —

Block Ser670;
disrupt Hsp90
docking; mPTP

modulators

[11,12]

Chronic HF
GRK2 ↑

(myocardium,
lymphocyte)

Membrane &
Mitochondria

β-AR
dysfunction;
lymphocyte
GRK2 tracks

severity;
exercise
reduced

FA catabolism
altered; β-AR-
mitochondrial

response
impaired

PBMC GRK2
predicts
survival

βARKct,
paroxetine; gene
therapy; exercise

[8,13,14]

Endothelium
(OSS)

GRK2 S29
phosphoryla-

tion

Nucleus/AP-1
axis

ICAM1/VCAM1
↑ → leukocyte

adhesion

AMPK ↓ via
NR4A1/LKB1 —

Target
GRK2/AP-1;

shear
normalization

[15,16]

Macrophage
Polarization

GRK2
translocation;

EP4
desensitization

Membrane ↔
Cytosol

M2 suppressed
when GRK2 ↑;

paroxetine
restores

PKM2
(S406/K433) →

glycolysis ↓
—

GRK2 inhibitors;
EP4 agonism;

metabolic
co-therapy

[17,18]

Lymphocyte/
Neutrophil
Migration

GRK2 with
GRK3/5/6
networks

Membrane

Chemotaxis
tuning;

cell-type
specific

— PBMC GRK2
(HF)

Combinatorial
GRK targeting [19,20]

Anthracycline
(DOX)

Early GRK2 ↓
(heart, PBMC) Membrane/Cytosol

Endothelial &
immune
changes
precede
damage

Mitochondrial
stress; Ca2+

dysregulation
Early sentinel

Serial PBMC
GRK2;

cardio-onc
surveillance

[21,22]

Immunotherapy
(ICI)

Unknown
baseline GRK2

signature
Immune Cells

Myocarditis/pericarditis
via T-cell hy-
peractivation

— GRK2 as risk
stratify

Prospective
biomarker +
chemotaxis

assays

[23]

2. GRK2—The “Brake” on βAR Signaling in Heart Failure
2.1. GRK2 Upregulation and Impaired βAR Responsiveness

GRK2 is a negative regulator of βAR and a major contributor to receptor desensiti-
zation in HF [7]. Multiple studies have shown that in human HF, β1AR is diminished,
with a concomitant decrease in responsiveness to β-agonism, a phenomenon linked to
upregulation of GRK2 expression and activity [1–3]. Using failing human myocardial tissue,
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an inverse correlation was observed between GRK activity and βAR-mediated cAMP gen-
eration [5]. This was further supported by studies in mice overexpressing GRK2, in which
βAR responsiveness was decreased [14]. Thus, GRK2 was positioned as a contributor to
βAR desensitization and the progressive loss of inotropic reserve in HF.

GRK2 is ubiquitously expressed, and its role as a receptor “brake” is essential to
cardiac biology. In human HF, GRK2 expression and activity in circulating lymphocytes
mirror those in the myocardium and are associated with reduced βAR responsiveness and
HF severity [5,6,8,13]. Thus, sympathetic overdrive influences GRK2 upregulation also in
non-cardiac cells, including lymphocytes, which have been postulated as a biomarker for
HF progression [5,6,24–26].

2.2. Chronic SNS Signaling, GRK2 Activation, and a Self-Perpetuating Cycle

Chronic SNS activation is a hallmark of HF and contributes to adverse outcomes [4,24].
Sustained catecholamine exposure contributes to βAR downregulation and desensitization,
with GRK2 activity contributing to this detrimental feedback loop. This increase in GRK2
activity leads to diminished βAR sensitivity and coupling, thereby decreasing respon-
siveness to βAR stimulation and subsequently compromising contractility. Decreased
adrenergic response augments SNS activation, leading to further increases in circulating
catecholamines and perpetuating signaling that promotes HF progression [6,27].

Thus, myocardial GRK2 levels correlate with clinical severity and cardiac functional
readouts and are higher under conditions of augmented adrenergic stimulation, whereas
decreased βAR signaling is associated with reduced GRK2 expression [4,7,8]. Collectively,
these findings support the concept that sustained sympathetic stimulation contributes to
GRK2 upregulation and progressive impairment of βAR signaling in HF.

2.3. Reversal Logic: GRK2 Inhibition Restores βAR Signaling and Contractility

A major strength of the GRK2 “brake” model is its reversibility, that is, inhibiting
GRK2 can partially restore cellular function. In failing cardiomyocytes, expression of
βAR carboxy-terminus (βARKct) peptides, which act as competitive inhibitors to GRKs
by binding Gβγ subunits, improves basal and β-agonist-stimulated cAMP production,
restoring contractile responsiveness [14,28]. This “reversal logic” is supported by multiple
in vivo genetic and preclinical translational approaches [7,29–32]. Cardiac expression of
βARKct peptides enhances contractility and protects against adrenergic dysfunction in
transgenic models and via viral-mediated gene delivery, establishing early proof of concept
for GRK2 inhibition [33,34]. Complementary gene-targeted studies showed that βARKct
expression can prevent or delay the development of cardiac dysfunction in a genetic HF
model, further supporting the potential of GRK2 inhibition as a therapeutic strategy [14,29].

In separate studies, by using a transgenic mouse model containing GRKInh, a peptide
inhibitor of GRK2, Quitterer and colleagues showed that GRKInh mice exhibit cardio-
protective effects post-myocardial infarction (MI) with reduced cardiomyocyte death and
attenuated maladaptive metabolic remodeling [30,35]. The serotonin-reuptake inhibitor
(SSRI) paroxetine has been shown to inhibit GRK2 [36,37]. Use of paroxetine in mice post-
MI improves adrenergic contractile reserve and ventricular function [32,36]. Moreover, an
inhibitor derived from the paroxetine scaffold with higher selectivity for GRK2 produced
enhanced dobutamine inotropic responses [31]. These studies establish GRK2 as a central
mediator of βAR dysfunction in HF and identify it as a therapeutic target to improve
cardiac function [3,28,30,32–37].
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3. GRK2 in Chronic HF: New Metabolic and Neurohormonal Roles
3.1. GRK2 as a Therapeutic Target in HF

HF treatment strategies have improved patient quality of life and mortality rates.
Yet, these strategies delay disease progression without providing a cure. In fact, heart
disease remains the number one cause of death in the US and the world. A large body of
evidence demonstrates that GRK2 is consistently upregulated and activated across multiple
HF models, and that its activity can de selectively modulated through interference of
protein–protein interactions or inhibition of its catalytic function [7,38]. As a result, several
therapeutic strategies targeting GRK2 have been developed, including peptide-based in-
hibitors (i.e., βARKct, GRK2Inh), small-molecule approaches with GRK2-inhibitory activity
(e.g., paroxetine), and strategies designed to prevent GRK2 recruitment (e.g., disruption of
the Gβγ–GRK2 interface) [28,32,37,39].

While small-animal studies are important models that enable focused testing, pre-
clinical experimentation is imperative for informing clinical trials. In a post-MI porcine
model, AAV6 βARKct gene therapy supported GRK2 inhibitory strategies, improving left
ventricular hemodynamics, and normalizing neurohormonal markers [33]. Similar results
were obtained in a mini-swine HF model using a novel GRK2 inhibitor [31]. These findings
position myocardial GRK2 inhibition as a viable long-term therapeutic strategy rather than
merely a transient experimental intervention.

3.2. GRK2 and Cardiac Metabolism: Insulin Signaling and Glucose Utilization

HF is characterized by impaired myocardial energetics that lead to contractile dysfunc-
tion [40]. GRK2 participates in linking neurohormonal stress and metabolic remodeling by
inhibiting glucose uptake and promoting insulin resistance in the injured heart [7,11,41,42].
This occurs in part through GRK2-mediated phosphorylation of IRS1, thereby limiting
GLUT4 translocation and reducing glucose utilization [41]. GRK2 can also translocate to
mitochondria, where it regulates glucose oxidation [12]. Thus, GRK2 integrates adrenergic
signaling and metabolic regulation, highlighting its multifaceted role in HF progression.

GRK2-dependent cardiac metabolic dysfunction can also be therapeutically targeted.
Pharmacologic and peptide-based GRK2 inhibition improves metabolic features and car-
diac function in HF models, including improved markers of mitochondrial organization
and contractile responsiveness [43]. These studies provide a broader view of GRK2 as a
remodeling kinase involved in physiological and pathological processes with a footprint
that extends beyond βAR uncoupling to encompass the metabolic machinery that sustains
myocardial performance during chronic disease [12,41–43].

More recently, studies on partial GRK2-biased β2AR agonists identified compound 15
to selectively enhance skeletal muscle glucose uptake via mTOR while minimizing
Gs/cAMP signaling and β-arrestin recruitment [44]. This compound improved glucose
homeostasis as measured by glucose tolerance tests. It also improved fat and lean mass with
minimal cardiac atrial contractility impact when combined with GLP-1 therapy [44]. Notably,
long-term in vivo global metabolic impact of compound 15 remains to be fully characterized.
This is particularly relevant as β-cell-specific GRK2 knockout increase insulin sensitivity as
measured by hyperinsulinemic-euglycemic clamps [42], global-GRK2 heterozygous mice have
decreased weight gain in an obesogenic regimen and increased insulin sensitivity [45], and
GRK2 inhibition has been proposed to potentiate GLP1-receptor agonism [46]. Overall, the
studies support an important role for GRK2 in metabolic regulation.

3.3. Adrenal GRK2 and Systemic Sympathetic Overactivity

Adrenal regulation is a major determinant of circulating catecholamine levels, and
dysregulation of this organ amplifies systemic adrenergic stress. Mechanistic studies
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show that upregulation of adrenal GRK2 desensitizes α2AR in chromaffin cells, thereby
increasing catecholamine release and worsening sympathetic overdrive [24].

Adrenal-targeted GRK2 inhibition or gene deletion reduces circulating catecholamines,
improving post-MI cardiac βAR signaling and function [25,47]. Moreover, exercise train-
ing, an established HF treatment, has also been linked to restoration of the adrenal
GRK2/α2AR axis, offering an additional benefit in reduced sympathetic overdrive in
trained HF models [26]. Together, these findings support a multi-compartment view of
GRK2 biology in HF, in which myocardial and adrenal GRK2 influence both local signaling
and systemic neurohormonal activation.

4. Ischemia/Reperfusion (I/R): Compartment-Specific GRK2 Signaling,
Cell Death, and Metabolic Outcomes
4.1. Acute I/R: Signs of GRK2 Degradation and Collapse of Pro-Survival Signaling

I/R injury involves many signaling pathways that are major determinants of cellular
outcomes including activation of kinase cascades and proteostasis programs. The acute
phase of I/R injury spans from minutes up to 1 h and is reported to involve phosphorylation-
dependent GRK2 degradation, coupled with concurrent loss of pro-survival Akt signaling
and Pin1 [9]. This pattern highlights that even during the acute stages of reperfusion, there
are subtle but important changes in signaling homeostasis that impact cell fate, reinforcing
that “timing” is central for intervention during the reperfusion phase of I/R injury. Figure 1
illustrates acute phase changes pertinent to I/R.

Figure 1. Timeline representation of acute and post-acute I/R myocardial events linked to GRK2.
Created in BioRender. Dotson, R. (2026) https://BioRender.com/0rziyfg.

4.2. Post-Acute I/R: ERK-Dependent Ser670 Phosphorylation, Hsp90 Binding,
and Mitochondrial Targeting

During the post-acute stages of I/R (post-60 min), ERK-dependent phosphorylation
of GRK2 at Serine 670 promotes Hsp90 binding and mitochondrial translocation, thereby
promoting cardiomyocyte death [11,48]. Notably, the association of Hsp90 with GRK2
is a key determinant for the proper maturation and stability of the kinase [48]. Thus,
localization, abundance, and phosphorylation status of GRK2 are dynamically altered
during the reperfusion phase and contribute to I/R injury. Figure 1 illustrates post-acute
changes pertinent to this reperfusion phase.

4.3. Limiting Mitochondrial GRK2 Preserves Glucose Oxidation and Reduces Injury

Genetic models provide compelling evidence that mitochondrial translocation of GRK2
contributes to post-I/R dysfunction. Mice harboring the GRK2 Ser670Ala (S670A) muta-
tion, which hinders phosphorylation-dependent mitochondrial targeting of GRK2, exhibit
reduced cardiomyocyte death and improved cardiac functional recovery post 24h of IR [12].
This effect is partly attributable to the prevention of GRK2 mitochondrial translocation,
which preserves glucose oxidation and maintains pyruvate dehydrogenase activity [12].
Importantly, because this mutation is expressed ubiquitously, potential effects in non-
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cardiac tissues and their indirect contributions to the observed cardiac phenotype must
also be considered. Nonetheless, data support that mitochondrial GRK2 is an important
contributor to post-ischemic metabolic dysfunction.

4.4. Multi-Cellular Regulation of I/R: Cardiomyocyte vs Fibroblast GRK2

I/R outcomes depend on coordinated responses across multiple cardiac cell types.
GRK2 directly influences cardiomyocyte cell survival, as cardiomyocyte-specific genetic
ablation of GRK2 reduces apoptosis, limits infarct size, and improves functional recovery
following I/R [49,50]. Additionally, GRK2 in cardiomyocytes is involved in mitochondrial
cell death pathways [9,11]. GRK2 in cardiac fibroblasts regulates acute immune-cell recruit-
ment and promotes subsequent remodeling responses. Fibroblast-specific GRK2 knockout
reduces infarct size, preserves cardiac function, decreases fibrosis, and is associated with
reduced neutrophil infiltration and TNF-α signaling [10]. These observations suggest
that GRK2 functions across multiple cardiac cell types to regulate injury-induced immune
responses and repair mechanisms, shaping both the severity of the initial insult and the
long-term remodeling outcome [10,49].

4.5. NO/S-Nitrosylation Cross-Talk Converges on GRK2

Nitric oxide (NO) is a critical mediator of cardioprotection during I/R injury. While
during reperfusion excessive ROS generation contributes to cellular damage, physiological
NO signaling can limit injury by improving coronary perfusion, reducing mitochondrial
dysfunction, and attenuating inflammatory responses [51,52]. One important mecha-
nism underlying these NO protective effects is protein S-nitrosylation, a reversible post-
translational modification in which NO covalently modifies cysteine residues, thereby
altering protein activity, localization, and protein–protein interactions [53]. GRK2 is regu-
lated by redox-dependent modifications. In particular, S-nitrosylation of GRK2 at cysteine
340 (C340) inhibits its kinase activity, preventing excessive receptor desensitization and
maladaptive signaling during cardiac stress [54,55]. During I/R injury, NO-mediated nitro-
sylation of GRK2 C340 has been proposed as an endogenous cardioprotective mechanism
that limits GRK2 activation, preserves β-adrenergic signaling, and reduces myocardial
injury [54,55]. Loss of this regulatory modification exacerbates cardiac dysfunction, high-
lighting the importance of GRK2 C340 nitrosylation as a key node linking NO signaling
to cardioprotection [54,55]. Notably, this NO-modification in GRK2 is also linked to age-
related cardiac dysfunction [56].

5. Immunovascular GRK2 Programs: Endothelium, Leukocyte
Trafficking, and Macrophage Immunometabolism
5.1. Endothelial GRK2: Adhesion Programs and Inflammatory Recruitment

Cardiac injury and remodeling are modulated by cardiomyocyte stress responses and
by immune-cell recruitment. The vascular endothelium is a key gatekeeper in this process,
regulating mechanical forces and inflammatory cues that control leukocyte adhesion and
migration. Recent mechanistic work shows that disrupted blood flow promotes GRK2
Serine 29 phosphorylation with downstream AP1 activation, increasing ICAM 1/VCAM 1
expression while decreasing AMPK signaling, linking endothelial GRK2 to both inflamma-
tory adhesion programs and metabolic tone [15,16]. Serine 29 of GRK2 is located within
the calmodulin binding domain, and phosphorylation by PKC has been shown to abolish
GRK2 inhibition by calmodulin [57]. Causal support for an endothelial role of GRK2 also
comes from knockout mice with endothelium-selective knockout of GRK2 [58]. Endothelial
GRK2 deficiency impaired vascular homeostasis, enhanced mitochondrial ROS production
and inflammatory signaling, and led to structural and functional vascular dysfunction [58].
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5.2. GRK2 and the Akt/eNOS Axis

In parallel with adhesion signaling, endothelial homeostasis is critically governed by
NO production. Mechanistic evidence links GRK2 to endothelial NO signaling by inter-
actions with Akt, affecting eNOS activation and NO bioavailability [54,59]. This provides
a molecular basis for shared NO-GRK2 signaling axis across vascular and myocardial
compartments [54,59].

5.3. Leukocyte Migration: GRK Networks and Chemokine GPCR Regulation

The healthy myocardium contains resident macrophage populations that persist fol-
lowing injury and shape the early inflammatory environment [60]. After MI, neutrophils
are among the first blood-derived leukocytes to enter the myocardium. Resident cardiac
macrophages help drive this early extravasation through TLR9/MyD88/CXCL5 signal-
ing [61]. Monocyte recruitment occurs in two phases, with Ly6Chi monocytes dominating
the early inflammatory phase and Ly6Clo monocytes accumulating later to support angio-
genesis and collagen-based repair [62]. Studies in rheumatoid arthritis, Weibel-Palade body
formation, and multiple sclerosis have suggested that GRK2 protein levels in leukocytes
may control the intensity and duration of certain chemokine-triggered signaling [17,63–65].
An illustration of timing and immune contribution post-MI is shown in Figure 2.

Figure 2. Schematic illustration of early and late immune events in response to MI. Created in
BioRender. Dotson, R. (2026) https://BioRender.com/fws6w8l.

Once leukocytes enter the tissue, their migration and positioning depend on
chemokine GPCR signaling and receptor desensitization, both of which are regulated
by GRKs. Combinatorial GRK depletion studies showed that leukocyte migration de-
pended on specific GRK isoform involvement, emphasizing that GRK2 operates within
an extensive GRK network that tunes immune-cell trafficking in a context- and cell-type-
dependent manner [19]. Nonetheless, the specific role of GRK2 in leukocytes in the context
of MI remains less understood and warrants further investigation.

5.4. GRK2 Framework in the Context of Macrophage Immunometabolism

After the initial neutrophil wave, circulating monocytes are recruited to the injured
myocardium via chemokine signaling. Upon entering the tissue, monocytes differentiate
into a spectrum of macrophage states with distinct functional properties [66]. In murine
MI, Ly6Chi monocytes dominate the early inflammatory phase (roughly days 1–4), clearing
necrotic debris and modulating proteolytic and inflammatory signaling (Figure 2). As inflam-
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mation resolves, Ly6Clo monocytes and macrophages become more prominent and support
efferocytosis, angiogenesis, myofibroblast expansion, and collagen deposition [62,67].

Macrophage behavior depends on both lineage and the local metabolic milieu. Their
activation states are tightly linked to metabolic reprogramming; a process that may be
linked to GRK2 biology. Glycolysis, oxidative phosphorylation, and related metabolic
pathways help distinguish inflammatory from reparative macrophage programs [68,69].
GRK2 has been linked to pathways that influence macrophage polarization and glycolysis,
including EP4-cAMP-pCREB signaling and PKM2-related metabolic regulation [17,18].
These findings raise the possibility that GRK2 may influence macrophage behavior during
tissue injury.

5.5. Adaptive Immune Recruitment: Delayed Lymphocyte Accumulation and Potential GRK2
Control Points

Adaptive immune-cell recruitment follows the early innate immune response and
becomes increasingly evident during the first week post-MI (Figure 2). Flow cytometric
analyses in murine MI models show that CD8+ T-cells, γδ T-cells, B cells, and myeloid
dendritic cells peak around day 7 post-MI [70]. In the same setting, Th1 cells and regulatory
T-cells (Tregs) are the predominant CD4+ T-cell subsets in the infarcted myocardium [70].
Timely reperfusion attenuates this later adaptive immune wave, supporting the idea that
lymphocyte recruitment is temporally downstream of the initial innate response.

Recent transcriptomic analyses refine this view by showing that the healthy heart
already contains resident or tissue-associated B- and T-cell populations and that, following
MI, these cells sustain inflammatory and remodeling-associated programs [71]. Post-MI,
cardiac T-cells upregulate transcripts associated with cytokine production and cytotoxicity,
including Ccl5, Ifng, Tnf, Gzmk, and Prf1, whereas B cells upregulate activation-associated
and matrix-related programs, including Il6, Il1rn, Ccl6, and collagen transcripts [71]. No-
tably, these altered transcriptional states can last beyond the initial lymphocyte wave
(Figure 2; days 5–7), supporting a role for the adaptive arm in the transition from early
injury to chronic remodeling.

Although the role of GRK2 in cardiac lymphocytes following ischemic injury remains
poorly defined, existing evidence points to several mechanisms through which GRK2 may
influence adaptive immune responses in the injured myocardium. In primary immune cells,
combinatorial GRK depletion studies show that GRK2, together with other GRKs such
as GRK6, regulates chemokine receptor signaling in a cell-type- and receptor-dependent
manner, altering both T-cell and B-cell chemotaxis and tissue localization in vivo [19]. T-
and B-cell infiltration into the myocardium depends on coordinated chemokine gradients
and their cognate receptors, suggesting that GRK2-mediated receptor desensitization likely
influences immune-cell recruitment and timing post-MI.

Beyond migration, GRK2 can also directly regulate T-cell effector signaling. In hu-
man T-cells, GRK2 is required for T-cell receptor (TCR)-induced transactivation of CXCR4,
formation of a TCR-CXCR4 signaling complex, recruitment of PI3Kγ/PREX1, and robust cy-
tokine secretion [19,72]. Conversely, GRK2 depletion or pharmacologic inhibition attenuates
these responses [19,72]. Moreover, GRK2-mediated desensitization of the Sphingosine-1-
Phosphate Receptor 1 (S1PR1) is critical to both T-cell maturation and blood chemotaxis [73].
Together, these data support a working model in which GRK2 may influence not only the
timing and extent of adaptive immune-cell entry into the injured heart but also the func-
tional output of infiltrating T-cells once they populate the tissue. GRK2 in adaptive immune
cells may integrate chemokine responsiveness, antigen receptor cross-talk, and cytokine
output to shape the evolution from acute inflammation to persistent immunopathology.
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6. Anthracycline Cardiotoxicity: Trial Evidence, Risk Stratification,
and Mechanism-Linked Biomarker Opportunities
6.1. Clinical Framework and Definitions

Anthracyclines remain a cornerstone of cancer therapy, but their clinical use is con-
strained by cumulative myocardial injury that can progress from subclinical biomarker and
imaging abnormalities to overt HF. In contemporary cardio-oncology management, this
spectrum is commonly captured under the term cancer therapy-related cardiac dysfunc-
tion (CTRCD). Current guidance from the European Society of Cardiology (ESC) and the
International Cardio-Oncology Society (IC-OS) has helped standardize definitions, severity
grading, and surveillance pathways across studies and clinical practice [74,75].

The 2022 ESC cardio-oncology guidelines and the IC-OS consensus statement provide
the current clinical system for assessing anthracycline-associated cardiovascular injury [74,75].
These documents harmonize definitions of CTRCD, myocarditis, vascular toxicity, arrhyth-
mias, and related complications, and recommend risk-adapted monitoring using cardiac
biomarkers, echocardiography, global longitudinal strain (GLS), and selected use of cardiac
magnetic resonance imaging. It is because of this precise monitoring structure that cardio-
oncology cohorts provide the ideal platform to meaningfully assess GRK2’s diagnostic and
prognostic value.

6.2. Troponin-Guided Strategies: Classic Evidence and Modern Boundary Conditions

Cardiac troponins are highly sensitive biomarkers of myocardial injury, reflecting
the release of intra-cellular contractile proteins from cardiomyocytes into the circulation
in response to cellular damage or stress [76]. The development of biomarker-guided
cardioprotection in cardio-oncology was driven by studies showing that troponin elevation
identifies early myocardial injury. Cardinale and colleagues showed that patients with
troponin I elevation after high-dose chemotherapy had a smaller decline in left ventricular
ejection fraction (LVEF) when the ACE-inhibitor enalapril was started early [77]. Although
the study established the feasibility of injury-guided cardiac intervention, its findings
cannot be readily generalized to routine prophylactic use in standard anthracycline-treated
populations. The enrolled patients were identified by post-treatment troponin elevation
after high-dose chemotherapy, a population distinct from those receiving conventional
adjuvant anthracycline therapy.

Subsequent trials refined the limits of that approach in lower-risk and more contem-
porary anthracycline-treated populations. In Cardinale’s “ICOS-ONE” study, starting
enalapril in all patients before chemotherapy was not superior to a troponin-triggered
strategy in which enalapril was introduced after biomarker elevation was observed. This
suggests that universal prophylaxis may not an added value in relatively low-risk patients
receiving modest cumulative anthracycline doses [78]. Likewise, in the “Cardiac CARE”
study by Henriksen and colleagues, high-sensitivity cardiac troponin I was used to identify
patients at higher risk during anthracycline therapy, but subsequent cardioprotection with
carvedilol plus candesartan did not prevent short-term decline in LVEF [79]. Together,
these studies suggest that troponin remains highly valuable for risk enrichment and injury
detection. However, translating troponin positivity into effective, uniform preventive
pharmacotherapy has been more difficult than early proof-of-concept studies implied.

6.3. Neurohormonal Prophylaxis: Modest, Endpoint-Dependent Benefit

Despite being the more conventional approach, prophylactic neurohormonal blockade
has yielded mixed results that vary according to the endpoint evaluated. In the Prevention
of Cardiac Dysfunction During Adjuvant Breast Cancer Therapy (PRADA) trial, concomi-
tant candesartan attenuated the early decline in LVEF during adjuvant anthracycline-

https://doi.org/10.3390/kinasesphosphatases4030019

https://doi.org/10.3390/kinasesphosphatases4030019


Kinases Phosphatases 2026, 4, 19 10 of 19

containing therapy for early breast cancer, whereas metoprolol alone did not improve
the primary imaging endpoint. Extended follow-up suggested some favorable effects of
candesartan on ventricular remodeling and strain, but at 2 years, it had not prevented the
decline in LVEF [80].

A similar pattern was observed in the Carvedilol for Prevention of Chemotherapy-
Related Cardiotoxicity (CECCY) trial, which tested carvedilol in women with HER2-
negative breast cancer receiving anthracycline-based chemotherapy. Carvedilol did not
reduce the primary endpoint of early LVEF decline, but it was associated with lower tro-
ponin release and less diastolic dysfunction [81]. Taken together, PRADA and CECCY
suggest that neurohormonal prophylaxis may confer modest biological or subclinical bene-
fit, but the magnitude and clinical relevance of that benefit depend heavily on the endpoint
assessment, the baseline cardiovascular risk of the population, and the anthracycline regi-
men itself. This is likely why current practice favors selective use in higher-risk patients
rather than a blanket prophylaxis for all.

6.4. Dexrazoxane: Most Consistently Supported Pharmacologic Prevention

Compared with other pharmacologic strategies, dexrazoxane has the most consistent
evidence supporting its ability to prevent anthracycline cardiotoxicity [82,83]. The mode of
action for dexrazoxane is not entirely understood, but it is postulated that at least in part,
it acts as an iron-chelator, involved in reducing ROS. Randomized trials in advanced or
metastatic breast cancer showed that dexrazoxane reduced cardiac events and symptomatic
HF. In those studies, there was no clear evidence that it reduced antitumor efficacy or tumor
response [83]. Recent systematic studies further support reduced HF and cardiotoxicity
in adults receiving anthracycline-based therapy, with no clear evidence of diminished
oncologic benefit [84,85].

The need for cardioprotective strategies is greatest when anthracycline therapy cannot
be interrupted due to oncologic necessity. This is especially true for patients with high
cumulative drug exposure or previous anthracycline treatment, which elevates the risk of
cardiac dysfunction. Dexrazoxane stands apart from beta-blockers and renin–angiotensin
system (RAS) inhibitors because it has the strongest direct evidence for reducing cardiac
injury while allowing anthracycline treatment to continue. To date, there are no studies
on dexrazoxane’s impact on GRK2 or vice versa. However, dexrazoxane’s proposed
mechanism of action involves preventing the formation of oxygen-free radicals [86] and
mitochondrial GRK2 upregulation promotes superoxide and ROS [11,38]. Although we
speculate a potential mechanistic convergence, the role of cardiac GRK2 in this context
remains unknown but warrants further investigation.

6.5. Translational Niche: GRK2 as a Candidate Biomarker Axis in Cardio-Oncology

Anthracycline surveillance is valuable not only for guiding early preventive care but
also for serving as a clinically well-defined platform for the validation of translational
biomarkers. Patients are longitudinally monitored with troponins, natriuretic peptides,
echocardiography, GLS, and, in some cases, cardiac magnetic resonance imaging [79,80,87].
The longitudinal surveillance schedule provides an opportunity for repeated sampling time
points at which GRK2 expression can be evaluated [88]. By capturing compartment-specific
stress responses, myocardial or immune-cell GRK2 may provide information not reflected
by current surveillance biomarkers. Cardio-oncology cohorts offer a unique opportunity to
test whether GRK2 improves the detection and risk stratification of cardiotoxicity, especially
when traditional biomarkers are inconclusive.
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7. Immune Checkpoint Inhibitor (ICI) Myocarditis: Spectrum,
Diagnostics, Mechanisms, and Treatment Escalation
7.1. Clinical Phenotype and Registry Outcomes

ICIs are revolutionary immunotherapy drugs that are used to treat patients with
a variety of cancers. Among the toxicities identified with ICI therapy, myocarditis has
emerged as a clinically significant adverse event. Early reports indicate that this primarily
arises from patients receiving combinatory immune checkpoint blockade [89]. Multicenter
registry data showed myocarditis often occurs early after initiation of therapy, can present
without reduction in EF, and carries high rates of major adverse cardiac events (MACE),
supporting the need for early recognition and management [90]. Evidence from large
clinical trial datasets estimates ~1% of patients had ICI-induced cardiovascular adverse
events where myocarditis mortality was 38%, highlighting the necessity for standardized
diagnostic and treatment methods [87].

7.2. Risk Factors and Thymic Predisposition

Among clinical risk factors, concurrent PD-1 and CTLA-4 blockade has been repeat-
edly associated with a heightened incidence of myocarditis [90]. High-impact evidence
points to thymic alterations as susceptibility factors, with thymic epithelial tumors asso-
ciated with increased incidence/severity and earlier onset of overlapping “myotoxicity”
syndromes [91].

7.3. Diagnostic Work-Up: Troponin, Imaging, and Endomyocardial Biopsy (EMB) Grading

Clinical presentation is highly variable, posing challenges for accurate and timely
diagnosis. Although current diagnostic approaches rely on a combination of biomarkers
and multimodal imaging, EMB remains the definitive diagnostic standard, especially in
ambiguous cases. Histological evaluation of EMB specimens from a large ICI-treated cohort
demonstrated a continuum of myocardial inflammation, indicating that some patients
with low-grade disease may tolerate ongoing ICI therapy without immunosuppressive
treatment and underscoring the value of risk-stratified management [92]. Baseline troponin
measurement before the initiation of ICI therapy, together with serial monitoring during
treatment, is emerging as a practical strategy for the early detection of cardiovascular
toxicity. Despite its potential utility, this strategy is not currently considered standard
of care and requires additional validation before it can be integrated into routine clinical
standard of care for myocarditis detection [93].

7.4. Mechanisms: Immune Tolerance, Macrophage Programs, and the IFNγ Axis

Direct evidence linking GRK2 to ICI myocarditis remains limited, yet current
pathogenic models center on immune regulatory pathways in which GRK2 has been
shown to play a role. This includes chemokine-dependent immune-cell trafficking,
macrophage inflammatory programming, and amplification of cytokine receptor signal-
ing [18,19,72,73]. Mechanistic studies show that checkpoint pathways are vital for immune
tolerance in cardiac tissue and that loss of inhibitory signaling can unleash autoreactive
responses [94]. Translational murine and human tissue studies support expansion of in-
flammatory macrophage subpopulations (CXCL9/10-high) induced by IFNγ signaling and
highlight the interaction with CD8+ T-cells as critical to myocarditis pathogenesis. This
identifies the IFNγ axis as a potential target in severe cases [95].

Recent work has identified a CXCL9/10+ CCR2+ macrophage–CXCR3hi CD8+ T-cell
axis in ICI myocarditis, supporting the concept that inflammatory cardiac macrophages
help sustain cytotoxic T-cell recruitment and retention within the myocardium [96]. In pre-
clinical models, both depletion of these macrophages and pharmacologic CXCR3 blockade
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reduced myocardial T-cell infiltration and improved survival. Human cardiac biopsy sam-
ples showed similar enrichment of CXCR3+ T-cells and CXCL9/CXCL10+ macrophages [96].
These studies support a contributing role in disease amplification and represent a potential
therapeutic target. Collectively, these mechanistic observations suggest that ICI myocarditis
arises within an immune signaling landscape that overlaps considerably with established
GRK2 function. Notably, separate studies have shown that GRK2 regulate CXCR3 re-
cruitment and modulation post-stimulation [97]. Given the central roles of inflammatory
macrophages and cytotoxic T-cells in disease pathogenesis, GRK2 may be an important
regulator of immune-cell trafficking and activation within the inflamed myocardium.

7.5. Treatment: Steroids First Line; Escalation and Emerging Trials

First-line therapy for ICI-induced myocarditis remains high-dose corticosteroids; re-
fractory cases may require additional immunosuppression. Case-level evidence supports
abatacept (CTLA 4 agonism) for severe steroid-refractory myocarditis, and clinical updates
emphasize ongoing trials evaluating abatacept and other steroid-sparing approaches [98,99].
Notably, multicenter registry analyses suggest that both earlier initiation and higher initial
steroid dosing improved outcomes with reduction in major adverse events [100].

8. Therapeutic Windows and Translational Design Principles:
Compartment- and Cell-Selective GRK2 Targeting
8.1. Timing Matters: Acute vs Post-Acute Injury Signaling

I/R studies show that GRK2 cardiac signaling is not monolithic: initial acute injury
features proteostasis-linked GRK2 degradation and loss of survival signaling, while post-
acute injury involves serine 670 phosphorylation and mitochondrial trafficking that drives
cell death and metabolic impairment (Figure 3) [9,11,12]. This evidence suggests exploring
phase-specific interventions to preserve protective signaling, block mitochondrial GRK2
localization, limit injury, and preserve cardiac function.

 

Figure 3. Schematic illustration for therapeutic windows where GRK2 pharmacological intervention
may be advantageous in disease progression. Created in BioRender. Dotson, R. (2026) https://
BioRender.com/7vf38uz.

8.2. Compartment Logic: “Block Recruitment,” “Block Catalysis,” or “Block Trafficking”

GRK2 can be targeted at multiple mechanistic levels: preventing recruitment
to activated GPCRs (βARKct; Gβγ interface inhibitors), inhibiting catalytic activity
(small molecules such as paroxetine), or selectively blocking mitochondrial trafficking
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(Ser670/Hsp90 axis; Figure 3) [11,39,101]. Each approach likely produces distinct physio-
logic and safety characteristics, and the most appropriate strategy may differ in chronic HF,
acute I/R, and cardio-oncology cardiotoxicities.

8.3. Cell Specificity: Fibroblast and Endothelial Targeting as Remodeling Modifiers

Fibroblast GRK2 deletion reduces inflammatory infiltration and fibrosis post-I/R,
while endothelial GRK2 regulates adhesion programs that govern leukocyte entry [10,16].
This supports cell-type-directed delivery or cell-selective regulatory nodes for therapeutic
development—particularly for inflammation-dominant remodeling phenotypes (Figure 3).

8.4. Biomarker Integration: Peripheral Blood Mononuclear Cells (PBMCs) GRK2 Within Guideline
Surveillance Frameworks

Human HF data demonstrate that PBMC and lymphocyte GRK2 levels mirror myocar-
dial levels and track severity, and that exercise-associated changes in lymphocyte GRK2
may have prognostic relevance [5,13,88,102]. Translating this concept to cardio-oncology
would require rigorous prospective validation alongside established clinical monitoring
(troponin/BNP, echo/GLS, CMR in selected cases) as emphasized by current guidelines
and consensus definitions [74,75] (Figure 3).

9. Conclusions and Future Directions
GRK2 is uniquely positioned at the intersection of adrenergic receptor regulation,

myocardial metabolism, mitochondrial death signaling, and immunovascular biology. Hu-
man HF studies established GRK2 elevation as a correlate of adrenergic dysfunction and
severity, while genetic and translational interventions demonstrate causality and thera-
peutic promise [3,5,29,31,33]. I/R injury studies reveal compartment-specific mechanisms
(proteostasis-linked early effects; Serine670/Hsp90 mitochondrial trafficking later) that
highlight actionable levers [9,11,12]. Multi-cellular studies in fibroblasts and endothelium
point to system-level effects on immune recruitment and remodeling [10,16].

In cardio-oncology, anthracycline and ICI cardiotoxicities underscore the importance
of risk stratification, biomarker interpretation, and targeted escalation strategies, while
revealing that generalized prophylaxis often yields modest benefits and should be mecha-
nistically and clinically enriched [78,80,81,87,90,100].

Several priorities should guide future GRK2-directed translational research. First,
patient stratification will likely need to move beyond single biomarkers and instead incor-
porate multi-parameter frameworks that combine troponin kinetics, global longitudinal
strain, clinical risk features, metabolic characteristics, and mechanistically informative
markers of immune activation [75,93]. Second, the development of compartment-selective
GRK2 modulation remains an important goal, particularly strategies that limit pathologic
mitochondrial GRK2 accumulation after injury without altering physiologic GPCR desensi-
tization [11,12]. Third, increasing evidence from endothelial and fibroblast studies suggests
that cell-type-directed delivery may offer a way to modulate immune recruitment and
fibrosis while limiting systemic effects [10,16]. Finally, the potential of GRK2 as a biomarker
axis should be tested prospectively. This includes PBMC GRK2 and GRK2-linked func-
tional assays in both HF and cardio-oncology cohorts using guideline-aligned clinical and
imaging endpoints [5,13,75]. Beyond its established role in GPCR desensitization, GRK2
has emerged as a multifunctional signaling molecule whose noncanonical activities may
contribute directly to disease pathogenesis, presenting new opportunities for therapeutic
targeting in context-specific pathologies.
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