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Abstract: Cardiac macrophages play a crucial role in the development and progression of cardiovascular
diseases, including myocardial infarction, cardiac hypertrophy, and myocarditis. Macrophages are plastic
cells that change their polarization states and functions in response to alterations in the surrounding
environment. This process is deeply involved in various biological processes such as inflammation, tissue
remodeling and repairing, exacerbating or mitigating the diseases progression. Thus, macrophages have
emerged as potential therapeutic targets for multiple cardiac diseases. Upon sympathetic activation,
adrenergic/ cyclic adenosine monophosphate (cAMP) signaling axis markedly modulates macrophages
polarization and functions. It has been well-established that the intracellular cAMP is highly
compartmentalized in cardiomyocytes. However, the spatiotemporal regulation of cAMP in cardiac
macrophages and its implications in macrophage-driven cardiac diseases remain to be elucidated. In this
review, we focus on the adrenergic/cAMP regulation of macrophage plasticity and function in the heart and
discuss potentials and challenges of targeting the adrenergic/cAMP axis for cardiac diseases.
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1. Cardiac Macrophages Heterogeneity in Their Origins, Plasticity, and Functions

Cardiac macrophages are diverse cells originating from fetal monocytes or hematopoietic progenitors,
crucially influencing heart health and disease [1,2]. They polarize into M1 (pro-inflammatory) or M2 (anti-
inflammatory) phenotypes, adapting to environmental cues. In cardiac diseases like myocarditis and
myocardial infarction, macrophages play pivotal roles in inflammation, regeneration, and repair [1]. They
replace dead cells through efferocytosis and facilitate tissue repair by promoting angiogenesis and collagen
deposition. The diverse functions and origins of macrophages significantly affect the heart’s response to
injury and disease progression [1].

1.1. Cardiac Macrophages Have Diverse Origins

Cardiac macrophages comprise a diverse population of cells with various origins, which critically
influence their function (Figure 1). Moreover, the macrophage population within the heart dynamically
changes during diseases progression. For the past 40 years, it was hypothesized that all macrophages
originated solely from monocytes. However, recent research supports the existence of heart-resident
macrophages. These resident macrophages are categorized into two subsets: CCR?" and CCR*” macrophages.
CCR? macrophages are derived from fetal monocyte progenitors and are maintained throughout the life
independently of monocyte recruitment [3]. In contrast, CCR*" macrophages, which originate from
hematopoietic progenitors, are recruited to the heart during the early few weeks of life and are maintained
through monocyte recruitment and subsequent proliferation. Following cardiac injury, resident macrophages
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are predominantly replaced by infiltrating monocytes and monocyte-derived macrophages [1].
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Figure 1. Origins and functions of cardiac macrophages.

1.2. Cardiac Macrophages Exhibit Remarkable Plasticity

Cardiac macrophages are remarkable plastic cells that can shift from one phenotype to another at
distinct stages of various diseases [2] (Figure 1). Following exposure to micro-environment stimuli,
macrophages polarize into specific phenotypes and functions. They are more commonly classified into two
subsets: M1 and M2, based on their distinct phenotypes. Inflammatory M1 macrophages, also known as the
classically activated macrophages, are pro-inflammatory, whereas alternatively activated M2 macrophages
are anti-inflammatory. Dysregulation of M1/M2 polarization can lead to excessive inflammation and
exacerbated cardiac injury. In a healthy heart, resident macrophages are typically M2-like, but they are lost
during disease progression. M1 macrophages are typically induced by bacterial pathogens or Thl
inflammatory cytokines, while M2 are polarized by Th2 cytokines, including IL-4 and IL-13 [4]. Besides
cytokines, a growing body of research supports that neurotransmitters, hormones, metabolites, and even
mechanical stress can modulate the polarization, thus influencing disease development and progression.
Cardiac macrophages can polarize and adjust their functional phenotypes in response to different stimuli in
cardiac physiology and pathology, such as cytokines, chemokines, growth factors, pathogen-derived
molecules etc. [5].

1.3. Cardiac Macrophages Are Deeply Involved in Cardiac Pathology and Repair

It is well recognized that macrophages play important roles in various cardiac diseases, being involved
in all stages and modulate the heart biology (Figure 1). While macrophages are often categorized as pro-
inflammatory M1 or pro-healing M2, recent studies have demonstrated a more complicated landscape of
macrophages in heart.

1.3.1. Cardiac Inflammation

Myocarditis, characterized by inflammation of the myocardium in the presence of necrotic cells, is
responsible for one in nine cases of heart failure (HF) and is a leading cause of heart transplantation, yet it
still lacks targeted interventions. Myocarditis can be induced by parasites, viruses, or bacteria. In this
condition, macrophages, along with neutrophils, constitute the main immune cell population.

Single-cell RNA sequencing (scRNA-Seq) has revealed the heterogeneity of macrophages in
myocarditis [6,7]. In myocarditis induced by immune checkpoint inhibitors, the increased macrophage
population mainly consists of CCR*" monocyte-derived macrophage, which highly express Cxcl9, Cxcl10,
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Gbp2b, and Fegr4 [8].

In autoimmune myocarditis, macrophages are characterized by the expression of Hifla, with different
macrophage clusters contributing to various disease stages [9]. In myocarditis induced by coxsackievirus B3
infection, most heart macrophages exhibit an M1-dominant functional phenotype, highly expressing nitric
oxide synthase (NOS), interleukin-12 (IL-12), tumor necrosis factor-alpha (TNF-a), and CD16/32 [10, I1].
The prolonged increased number of M1-like macrophage leads to chronic inflammation in heart [10]. The
increased M1-like macrophage participated in antigen presentation, proinflammatory response, IL12 and
IFNy responses [9]. Notably, blocking CCR2 signaling prevents monocyte infiltration into the heart, thereby
attenuating myocarditis and fibrosis [5].

1.3.2. Cardiac Regeneration

Macrophages are essential for heart regeneration in both neonatal and adult hearts. The neonatal heart
can fully regenerate without forming scar after M1, but this regenerative capacity is disabled by depletion of
neonatal macrophages [12]. Neonates with depleted macrophages fail to regenerate myocardium, leading to
fibrosis, reduced cardiac function, and impaired angiogenesis. Interestingly, in relative to non-regenerative
macrophages, regenerative macrophages exhibit a unique polarization profile, expressing several soluble
factors, angiogenesis genes, and oxidative stress-related genes. Regenerative macrophages are predominantly
mediated by cardiac-resident macrophages. This is evidenced by experiments where transferring monocytes
from adult mice spleens to neonatal mice hearts following MI injury led to fibrosis rather than regeneration,
indicating that infiltrating monocytes minimally contribute to the cardiac regeneration. Furthermore,
depletion of cardiac-resident macrophages by deleting colony stimulating factor 1 receptor (Csflr)
homologue impairs cardiac regeneration without affecting monocyte-derived macrophages [13]. Inhibiting
monocyte infiltration to the heart by CCL2-CCR2 signaling blockade increases CCR* resident macrophages
proliferation.

1.3.3. Efferocytosis of Dead Cardiomyocyte

Efferocytosis is essential for maintenance of heart homeostasis through the clearance of apoptotic cells
by non-professional phagocytes. Myocardial infarction causes cardiomyocyte death and then triggers immune
responses and macrophages-mediated efferocytosis [14,15]. After MI, circulating monocytes are recruited to
the injured heart where resident macrophages are replaced by CCR*" monocyte-derived macrophages [16].
These monocyte-derived macrophages can be further divided into three classes, two pro-inflammatory
populations defined as Isgl5" and MHCII'II1b", alongside non-inflammatory Trem2" cells [17]. Pro-
inflammatory macrophages play a crucial role in scavenging damaged or dead cells through efferocytosis,
which is critical for resolving inflammation after MI [12]. During efferocytosis, macrophage membrane
receptors including purinergic receptor P2Y2, G-protein-coupled receptors G2A and S1P1-5 sense apoptotic
cells [13]. Then, macrophages recognize “eat-me” signals on the surface of apoptotic cells by MerTK, CD36,
integrins avPB3 and avB5, TIM-1, 4 [T-cell membrane protein (Tim) family], BAIl (brain angiogenesis
inhibitor 1), and stabilin-2 [18]. Apoptotic bodies are then engulfed by macrophages and degraded in
lysosomes [19]. Resident macrophages express legumain, which promotes the clearance of apoptotic
cardiomyocytes and improves cardiac repair [16]. Interestingly, efferocytosis also induces adaptive responses
in macrophages, including triggering VEGFC secretion, inducing proliferation [17], and promoting metabolic
adaptation [14,20]. These adaptative responses help maintain macrophage fitness and tissue homeostasis.

1.3.4. Cardiac Repairing

Macrophages are crucial for tissue repair. The heart gradually loses the regeneration capacity after birth
and the macrophage pattern also differs in neonatal and adult heart. Neonatal mouse heart contains one
macrophage (MHC-II"¢" CCR*") and one monocyte population (MHC-II"" CCR*"). The MHC-II"#" CCR*'
macrophage expanded after neonatal heart injury without recruiting CCR*" monocytes from circulation [21].
Instead, the injured adult heart mainly recruited CCR*" monocytes and CCR*" resident macrophages are
depleted after injury [22]. In the injured heart, macrophages promote angiogenesis by stimulating the
proliferation of endothelial cells and smooth muscle cells [23]. Since adult cardiomyocytes exhibit minimal
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regeneration ability, the infarcted sites are often repaired by fibrosis. Macrophages secrete TGF-B and
fibroblast growth factors to activate fibroblast and myofibroblast, leading to collagen deposition [24].
Additionally, macrophages can also directly synthesize collagen and proteoglycans, participating actively in
tissue repair [25,26]. In the neonatal heart, macrophages also promote cardiomyocyte dedifferentiation and
proliferation, aiding in heart regeneration [27].

1.3.5. Fibrosis and Tissue Remodeling

Inflammation is a key mechanism by which the heart responds to injury and undergoes adaptive
remodeling. Cardiac dysfunctions associated with obesity or diabetes, such as diabetic cardiomyopathy and
obesity cardiomyopathy, are characterized by excessive M1 macrophages polarization and activation.

After heart injury, it is critical to replace the damaged area with scar tissue to preserve ventricular
integrity and heart function. However, extensive scar formation can lead to adverse cardiac remodeling. The
extent of scar formation is determined by the balance between extracellular matrix production and
degradation [1]. Cardiac macrophages can induce the endothelial-to-mesenchymal transition (EMT) of
endothelial cells, via MMP14 and TGF-f [9]. The EMT process results in a fibroblast-like phenotype,
contributing to cardiac fibrosis. Inflammatory cytokines from macrophages, including IL-1a, IL-1f, IL-6 and
IL-8 activate fibroblasts, increasing the secretion of IL-6 and TGF-p from both macrophages and fibroblasts.
This activation leads to increased proliferation and collagen production by fibroblasts [28,29]. Interestingly,
the M2b macrophage subset suppresses the proliferation and migration of fibroblast, alleviating cardiac
fibrosis [30]. This demonstrates that different subsets of macrophages may play distinct roles in cardiac
fibrosis.

2. Adrenergic-cAMP Signal Modulates Macrophages

Accumulating evidence indicates that the sympathetic nervous system plays a pivotal role in modulating
immune system, particularly macrophages [31]. The sympathetic nervous system critically influences
macrophage function through adrenergic receptors and cAMP signaling, modulated by phosphodiesterases
(PDEs) [32,33]. Upon physiological and pathological stress conditions, catecholamines such as norepinephrine
or epinephrine are released and bind to adrenergic receptors on macrophages, increasing intracellular cAMP
levels. PDEs break down cAMP, controlling the magnitude and duration of the signal [34,35]. This adrenergic-
cAMP-PDE signaling system fine-tunes macrophage functions and presents potential therapeutic intervention
targets [33—35]. However, conflicting observations exist regarding the individual modulation of macrophages
by activating adrenergic receptors, cAMP, and PDEs, indicating a need for further research to integrate and
understand these mechanisms fully.

2.1. Adrenergic Receptors (ARs) in Macrophages

The activation of adrenergic receptors in macrophages exhibits bidirectional and multifaceted roles.
Elevated sympathetic tone can promote M1 macrophages in the spleen through direct innervation, polarizing
macrophages toward an inflammatory M1 phenotype and enhancing monocyte production. Similarly, in vivo
stimulation of adrenergic receptors by isoproterenol activates the NLRP3 inflammasome, leading to pro-
inflammatory macrophage infiltration in the mouse heart [36]. After MI, elevated circulating catecholamine
levels activate macrophages and promote post-MI arrhythmias [37]. Conversely, AR activation by
norepinephrine is well-established in promoting anti-inflammatory and tissue-reparative phenotype in
macrophages. Macrophages express both o (al, 02 and o3) and B-ARs (B1, B2 and B3). Norepinephrine has
been found to increase macrophage fatty acid uptake and triglyceride storage by activating f2-AR, which is
similar to the features of macrophages isolated from mouse hearts after myocardial injury [38]. Deleting (2-
AR in macrophages inhibits their polarization towards M2 [39], thereby impairing 2-AR-mediated cardiac
repair and survival post-MI. This deletion disrupts the recruitment of monocyte-derived macrophages to the
injured heart to repair, causing heart rupture. In muscularis macrophages, f2-AR activation protects against
infection-induced cell death by enhancing arginase 1-polyamine-depent M2 polarization. Activating f3-AR
promotes tissue macrophage accumulation and lipolysis in adipose tissue, though less is known about the
macrophages-expressed 3-AR in cardiac diseases progression. Furthermore, f2-AR and B3-AR activation
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synergistically promote M2 macrophages infiltration. Unlike B2-AR or B3-AR, the role of BI-AR in
macrophages and its implication in cardiac diseases are less investigated. Moreover, despite the roles of f2-
AR or B3-AR in promoting anti-inflammatory and reparative M2 macrophages, clinical trials demonstrate
that B-AR blockers such as metoprolol, carvedilol and bisoprolol alleviate cardiac inflammation and
macrophages infiltration [40—43]. Notably, there are huge differences among individual -blockers’ effects
on macrophages and inflammatory responses. For example, carvedilol reduces LPS-induced Toll-Like
Receptor 2 expression and inflammation in macrophages cell lines (RAW 264.7 cells) [44]. In vivo
administration of carvedilol reduces macrophages accumulation and M1-macrophages polarization. Both
intravenous administration of carvedilol and metoprolol significantly reduce macrophage infiltration in MI
pig hearts, with carvedilol exhibiting stronger effects than metoprolol [45]. This aligns with the clinical meta-
analyses showing that carvedilol has more beneficial effects on patients’ LV remodeling compared to
metoprolol [46]. Interestingly, metoprolol, but not atenolol or propranolol, attenuates cardiac inflammation in
mouse ischemia-reperfusion model. In silico predictions indicate this is due to the unique conformational
changes of intracellular adrenergic receptors induced by metoprolol, which are not observed within atenolol
or propranolol [41].

In addition to BARs, a-ARs have also been identified as key regulators of macrophages. For instance,
activation of al-AR in macrophages promotes M2 macrophages polarization, thereby enhancing
cardiomyocyte proliferation and angiogenesis [47]. On the other hand, antagonism of 0a2A-AR attenuates
LPS-induced M1 macrophages polarization by down-regulating MAPK signaling [2]. The molecular
mechanisms underlying the significant different impacts of adrenergic agonism or antagonism remain to be
elucidated (Figure 2). Understanding these mechanisms is crucial to provide insights into therapeutic
strategies targeting adrenergic receptors to modulate macrophage functions and improve outcomes in cardiac
diseases.
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Figure 2. Individual adrenergic receptor activation impacts macrophages plasticity.

2.2. cAMP-PKA

Elevating cAMP levels significantly regulates of macrophages polarization and functions, including
phagocytosis, metabolic reprogramming and efferocytosis [48,49]. Increased cAMP inhibits polarization
towards the pro-inflammatory M1 phenotype, reducing the expression of M1 markers such as inducible
cyclooxygenase (COX-2) and inducible NOS (iNOS). Elevated cAMP transforms M1 macrophages into
resolution-phase macrophages that promote the resolution of systemic inflammation, implicating cAMP in
resolving cardiac inflammation [48]. In the presence of IFN-y/LPS, db-cAMP (a cAMP mimetic) can switch
M1 macrophages towards an M2-like phenotype. Similarly, enhancing cAMP amplifies the IL-4-induced M2
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phenotype and promotes macrophages to express engulfment molecules and efferocytosis of apoptotic
neutrophils [48]. Additionally, cAMP is an important regulator of monocytic differentiation into macrophages
and their functions. In the presence of cAMP, GM-CSF-induced monocyte differentiation is altered,
promoting the expression of wound-healing cytokines, such as IL-10 and IL-6. Furthermore, enhancing
cAMP levels with forskolin prevents macrophages from expressing several surface markers, including CD14,
the coreceptor for LPS. Enhancing cAMP production by dibutyryl cAMP or stimulating adenyl cyclase by
forskolin, prevents lipopolysaccharide-induced TNF-a production in macrophages.

As the major effector of the second message cAMP, PKA critically influences macrophages phenotypes.
Activation of PKA promotes M2 polarization via CREB-mediated aerobic glycolysis [50]. Further, PKA has
been demonstrated to negatively regulate pyroptosis and inflammasome activation. PKA-dependent
phosphorylation of either caspase-11 or NLRP3 prevents pyroptosis or inflammasome activation. These
effects are largely abolished by PKA inhibitor, highlighting the central role of cAMP-PKA in modulating
macrophage responses [51,52].

2.3. Phosphodiesterase

Targeting phosphodiesterases (PDEs) with small-molecule compounds for inflammatory disorders has
been an area of active research interest for many years [32]. Despite the enriched knowledge of PDE
expression and regulation in immune cells such as macrophages, less is known about the role of PDEs in
cardiac inflammatory responses [53]. Macrophages express all PDE1-11 families, with significant changes in
PDE profiles observed during the differentiation of human monocytes into macrophages [54]. Each PDE
subfamily has its unique substrate selectivity and pharmacology [32,35]. PDE4, 7, and 8 are exclusively
involved in cAMP hydrolysis, whereas PDEL,2,3, 10 and 11 can hydrolyze both cAMP and cGMP. Among
them, PDE3 is the principal PDE isoenzyme expressed in pro-inflammatory cells, including macrophages [55].
During the in vitro differentiation, PDE1 and PDE3 activity increases, while the major cAMP-hydrolyzing
enzyme, PDE4, rapidly declines. Correspondingly, inhibiting PDE1 by vinpocetine reduces macrophage
secretion of inflammatory proteins [56]. Inhibition of PDE3 by cilostazol reduces macrophages recruited to
injury tissues. Polarization of M1 macrophages by LPS is associated with significant increases in PDE4B and
PDEI10A [57]. LPS induces a sustained expression of PDE10A and a transient expression of PDE4B in
macrophages. Inhibiting PDE4B blocks TNF-o expression, whereas inhibiting PDE10A abolishes MCP-1
expression upon LPS stimulation, highlighting the distinct roles of PDEs and PDE-modulated cAMP in
regulating macrophage phenotypes. While neither PDE3 nor PDE4 inhibition alone reduces LPS-induced
TNF release in monocyte-derived macrophages, their combined inhibition results in a 40—50% reduction of
LPS-induced TNF-a [54]. Distinguished from the PDEs listed above, the role of PDE2 and PDEIl in
macrophages remains unknown. Overall, targeting PDEs presents a promising strategy for modulating
macrophage function and inflammatory responses in cardiac diseases. Understanding the specific roles of
different PDEs in macrophage biology could lead to more effective and targeted therapies for inflammatory
and cardiac conditions.

3. New Directions and Challenges Targeting Adrenergic Regulation of Macrophages for Cardiac
Diseases

3.1. Understanding the Heterogeneity of Macrophages in the Remodeled Heart

Macrophages play a crucial and diverse role in the diseased heart, contributing to processes such as
inflammation, tissue repair, fibrosis, and irregular electrophysiology. Understanding their heterogeneity and
functional diversity is essential for developing targeted therapies that selectively modulate specific
macrophages populations, potentially improving treatment outcomes for cardiac diseases. However, fully
unraveling macrophage heterogeneity and its molecular mechanisms in cardiac diseases poses significant
challenges. First, cardiac macrophages derive from different origins exhibit dynamic phenotypic changes in
response to the local micro-environment, making them difficult to dissect and profile. Second, macrophages
interact with numerous cell types in the heart through direct coupling or by secreting a wide series of
cytokines, chemokines, and growth factors that affect cardiac function. Understanding these complex
signaling networks require comprehensive and integrative proteomic and transcriptomic analyses.
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Fortunately, advancements in single-cell sequencing techniques now enable the detailed profiling of
macrophages heterogeneity through single-cell transcriptional, metabolic or proteomic sequencing. These
techniques can unmask the diverse profiles of macrophages at unprecedented resolution. Additionally,
sophisticated lineage-tracing techniques allow the identification of macrophages derived from distinct origins
in both physiological and pathological conditions. Characterizing the heterogeneous macrophages in the
diseased heart requires integrating insights from single-cell technologies and advanced linage-tracing
techniques. Revealing the specific roles and interactions of various macrophage subpopulations may
ultimately promote the development of more precise and effective therapeutic strategies for cardiac diseases.

3.2. Defining Compartmentalization of AR/cAMP in Macrophages

Over the last two decades, it has become well-acknowledged that pools of cAMP are discretely located
to distinct subcellular compartments, where they transduce signals to different downstream targets and cell
functions. For instance, the cAMP microdomain at endoplasmic reticulum or sarcoplasmic reticulum
modulate calcium uptake through PKA-dependent phosphorylation of phospholamban, the inhibitory protein
for the calcium pump. The ER/SR-localized cAMP microdomain does not affect PKA activity at PM and thus
does not impact activities of local ion channels, including L-type calcium channels and RyR. Recent studies
suggest that nuclear-localized cAMP is a key regulator of histone transcription and cell proliferation [58].
Various cAMP microdomains in cardiomyocytes and neurons have been unmasked with the development of
subcellular-anchored Forster resonance energy transfer (FRET)-based biosensors of cAMP and PKA [59-62].
Utilizing FRET biosensors, insight into the spatiotemporal regulation of cAMP-PKA dynamics is rapidly
growing. However, the subcellular characterization of cAMP in macrophages is still lacking. Furthermore,
very little is known about the impact of individual cAMP microdomains on macrophages functions in healthy
and diseased hearts. The compartmentalized cAMP microdomains in different macrophage subpopulations
may reconcile the diverse roles of NE stimulation and PDEs inhibition in regulating macrophage functions.
Understanding these subcellular dynamics and their specific impacts on macrophage behavior could provide
valuable insights into the development of targeted therapies for cardiac diseases.

3.3. Leveraging PDE Isoform-Selective Inhibition to Target Distinct AR/cAMP Compartments

Despite the encouraging preliminary observations of anti-inflammatory results, several PDE inhibitors
have failed in clinical trials for cardiovascular diseases treatment. For instance, clinical studies with PDE4
inhibitor as an anti-inflammatory agent have only met with limited success [32]. Several factors must be
considered for the development of therapeutic targeting PDEs in macrophages for potential cardioprotective
effects. First, many PDE isoforms have their unique subcellular expression patterns or are recruited to distinct
compartments to regulate specific cell functions. A detailed understanding of the distribution, regulation, and
function of individual PDE isoforms in macrophages is still lacking. Each PDE isoform may play different
roles depending on its localization and interaction with other cellular components. Second, chemical
inhibitors globally interrupt a subfamily of PDEs without specificity to certain isoforms, which can lead to
limited efficacy and unwanted side effects. This lack of specificity is a significant hurdle to cause off-target
effects and compromise the therapeutic potential of these inhibitors. To address these challenges, future drug
development could focus on selective peptides or small inhibitory RNA for individual PDE isoform and even
splice variants [63]. Such precision could enhance the effectiveness of treatments by modulating the activity
of specific PDE isoforms involved in pathological processes, while minimizing adverse effects.

4. Conclusions

Adrenergic signaling plays a multifaceted role in regulating macrophages in various cardiac diseases.
Utilizing advanced single-cell sequencing, subcellular-anchored biosensors, and lineage-tracing techniques to
dissect the compartmentalized adrenergic-cAMP-PDE signaling and their implication in the modulation of
macrophages heterogeneity and plasticity may provide innovative therapeutic targets for cardiac diseases.
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