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Abstract
Heart failure exhibits remarkable pathophysiologic heterogeneity. A large body of evidence suggests that regardless of the
underlying etiology, heart failure is associated with induction of cytokines and chemokines that may contribute to the patho-
genesis of adverse remodeling, and systolic and diastolic dysfunction. The pro-inflammatory cytokines tumor necrosis factor
(TNF)-α, interleukin (IL)-1, and IL-6 have been extensively implicated in the pathogenesis of heart failure. Inflammatory
cytokines modulate phenotype and function of all myocardial cells, suppressing contractile function in cardiomyocytes, inducing
inflammatory activation in macrophages, stimulating microvascular inflammation and dysfunction, and promoting a matrix-
degrading phenotype in fibroblasts. Moreover, cytokine-induced growth factor synthesis may exert chronic fibrogenic actions
contributing to the pathogenesis of heart failure with preserved ejection fraction (HFpEF). In addition to their role in adverse
cardiac remodeling, some inflammatory cytokines may also exert protective actions on cardiomyocytes under conditions of
stress. Chemokines, such as CCL2, are also upregulated in failing hearts and may stimulate recruitment of pro-inflammatory
leukocytes, promoting myocardial injury, fibrotic remodeling, and dysfunction. Although experimental evidence suggests that
cytokine and chemokine targeting may hold therapeutic promise in heart failure, clinical translation remains challenging. This
review manuscript summarizes our knowledge on the role of TNF-α, IL-1, IL-6, and CCL2 in the pathogenesis of heart failure,
and discusses the promises and challenges of targeted anti-cytokine therapy. Dissection of protective and maladaptive cellular
actions of cytokines in the failing heart, and identification of patient subsets with overactive or dysregulated myocardial inflam-
matory responses are required for design of successful therapeutic approaches.
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Introduction

Heart failure is a condition in which the heart either cannot
pump enough blood tomeet the needs of various tissues or can
do so only at the cost of increased filling pressures [1, 2].
Based on the ejection fraction, the most commonly used indi-
cator of systolic function, heart failure patients can be classi-
fied into two major groups. Heart failure patients with reduced
ejection fraction (HFrEF) exhibit depressed systolic function.
On the other hand, the term heart failure with preserved

ejection fraction (HFpEF) is used for patients who have the
same heart failure symptoms, in the absence of significant
reductions in ejection fraction. Elevated filling pressures in
HFpEF patients are caused predominantly by perturbations
in diastolic function. Epidemiologic studies have demonstrat-
ed that HFpEF accounts for almost half of all incident heart
failure [3]. Both HFrEF and HFpEF have a poor prognosis.
Although approaches targeting neurohumoral pathways have
shown beneficial effects in patients with HFrEF, effective
therapeutic strategies for HFpEF are lacking.

A major obstacle that hampers development of new thera-
peutics in heart failure is the pathophysiologic heterogeneity
of the disease. The clinical syndrome of heart failure can be
triggered by a wide range of pathophysiologic changes, in-
cluding myocardial ischemia and infarction, pressure or vol-
ume overload, metabolic dysregulation, genetic perturbations
in sarcomeric protein function, and responses to viral infec-
tions. Regardless of underlying etiology, heart failure is
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associated with both local and systemic activation of inflam-
matory signaling cascades [4]. In patients with myocarditis or
inflammatory cardiomyopathies, inflammation is the primary
cause of heart failure [5]. Moreover, cytokine-mediated in-
flammation has been implicated in acute stress-induced car-
diomyopathy [6], an enigmatic entity that may be associated
with major emotional or physical stress [7], and may also be a
rare cause of myocardial injury in patients with coronavirus
disease 2019 (COVID-19) [8, 9]. In most other cases, activa-
tion of an inflammatory program reflects a reparative or pro-
tective response to other primary injurious processes.
Regardless of the underlying etiology, excessive, unre-
strained, or dysregulated inflammation may exacerbate myo-
cardial injury, thus contributing to the progression of heart
failure. The inflammatory response in the failing heart is char-
acterized by induction and activation of a wide range of pleio-
tropic cytokines and chemokines that modulate phenotype and
function of all myocardial cells. The complexity and pleiotro-
py of inflammatory mediators have hampered therapeutic im-
plementation of therapeutic strategies targeting the inflamma-
tory response.

This review manuscript discusses the potential role of the
best-studied and most promising pro-inflammatory cytokines
and chemokines as therapeutic targets in heart failure, We
focus on the prototypic inflammatory cytokines tumor necro-
sis factor (TNF)-α, interleukin (IL)-1 and IL-6, and on the CC
chemokine CCL2/monocyte chemoattractant protein (MCP)-
1.We summarize the cell biological actions of these mediators
in the failing heart and their potential contribution to dysfunc-
tion and heart failure progression. Finally, we discuss the
promises and challenges of cytokine and chemokine targeting
in heart failure patients.

Inflammatory Cytokines in the Pathogenesis
of Chronic Heart Failure

A large body of evidence, derived through both experimental
and clinical studies, supports an important role for inflamma-
tory cytokines and chemokines in the pathogenesis of myo-
cardial dysfunction and adverse cardiac remodeling. Marked
elevations of circulating pro-inflammatory cytokines are con-
sistently noted in heart failure patients, in both HFrEF and
HFpEF subpopulations [10, 11]. Cytokine levels are further
increased in patients exhibiting an acute decompensation [12]
and seem to predict clinical outcome [13]. Patients with ische-
mic cardiomyopathy in the absence of myocardial infarction
exhibit induction of chemokines in chronically ischemic myo-
cardial segments, accompanied by recruitment of inflammato-
ry leukocytes [14]. Moreover, several studies using experi-
mental animal models of heart failure induced through a wide
range of pathophysiologic perturbations showed that disrup-
tion of pro-inflammatory cytokine signaling may exert

beneficial actions [15–17]. However, this evidence should
not be interpreted as suggestive of unidimensional deleterious
effects of inflammatory cytokine signaling in failing hearts.
Inflammatory cytokines are highly pleiotropic and multifunc-
tional. Several members of the cytokine and chemokine fam-
ilies are upregulated in response to myocardial injury and may
exert important protective actions on cardiomyocytes [18],
while activating reparative programs [19]. Although there is
little doubt that dysregulated, excessive, or prolonged inflam-
matory responses precipitate or worsen heart failure in human
patients, the relative contribution of inflammatory signaling
likely depends on the underlying etiology of the disease. In
patients developing heart failure due to viral myocarditis, in-
flammatory injury may be the primary cause of dysfunction
and adverse remodeling [5, 20]. In contrast, in other heart
failure etiologies, the role of inflammatory cytokines is less
convincingly documented. All types of myocardial injury re-
sult in secondary activation of an immune response. Several
lines of evidence support the notion that regardless of the
underlying etiology of heart failure, cytokine and chemokine
induction promote dysfunction and progressive remodeling of
the myocardium. First, inflammatory cytokines have negative
inotropic effects [21]. Second, inflammatory cytokines may
promote cardiomyocyte apoptosis [22]. Third, pro-
inflammatory cytokines may activate a matrix-degrading pro-
gram, inducing matrix metalloproteinases, and triggering ex-
tracellular matrix degradation [23], thus depriving
cardiomyocytes from key matrix-driven signals that preserve
homeostatic function. Fourth, chronic pro-inflammatory cyto-
kine activation may stimulate a fibrogenic program, leading to
induction of fibrogenic growth factors, expansion of activated
fibroblasts, and subsequent deposition of extracellular matrix
(ECM) proteins in the cardiac interstitium. Inflammation-
mediated interstitial fibrosis may increase myocardial stiff-
ness, contributing to the pathogenesis of HFpEF [24, 25]. To
what extent these detrimental actions outweigh any protective
effects of the inflammatory mediators is dependent on the
pathophysiologic context and on the cytokine-specific pat-
terns of inflammatory activation.

Pro-Inflammatory Cytokines in Heart Failure

TNF-α

The multifunctional cytokine TNF-α is the best-studied in-
flammatory mediator in heart failure. In the early 1990s, ob-
servations suggesting that HFrEF patients have markedly ele-
vated circulating TNF-α levels [10] triggered a large body of
experimental work to investigate the effects of TNF-α in the
failing heart. Although clinical trials showed that anti-TNF
approaches do not benefit human heart failure patients, the
insights gained by studying the role of TNF-α in the
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myocardium contributed significantly to our understanding of
the complex role of inflammation in heart disease, and the
clinical investigations highlighted the challenges of therapeu-
tic translation.

Expression and Role of TNF-α in Heart Failure

Increased myocardial expression of TNF-α has been consis-
tently documented in experimental models of heart failure
[26, 27] and in human patients with cardiomyopathic condi-
tions [28]. Several different cell types contribute to the in-
creased expression of TNF-α in injured and failing hearts, in-
cluding cardiomyocytes [27], macrophages [29], vascular cells
[29], and mast cells [30]. The mechanisms of TNF-α induction
may involve activation of mechanosensitive signaling cascades
[27], neurohumoral signaling, or responses to damage-
associated molecular patterns (DAMPs) released by injured
cardiomyocytes. Several lines of evidence support the notion
that TNF-α may play a causative role in heart failure. First,
mice with cardiac-specific overexpression of TNF-α develop
dilated cardiomyopathy [22, 31, 32] and infusion of TNF-α
impairs LV systolic and diastolic function in dogs [33].
Second, TNF deletion attenuated dysfunction in a model of left
ventricular pressure overload [15], and TNF-α antagonism re-
duced adverse remodeling and improved hemodynamics in
models of volume overload and post-infarction heart failure
[34, 35]. Third, in human heart failure patients, higher circulat-
ing levels of TNF-α were associated with increased mortality
rates in both HFrEF and HFpEF subpopulations [36].

Cell Biological Mechanisms Responsible for the Effects
of TNF-α in Heart Failure

TNF-α-mediated adverse remodeling and heart failure progres-
sion may involve effects on cardiomyocytes, macrophages, and
the extracellular matrix (Fig. 1). In cardiomyocytes, TNF-α exerts
negative inotropic actions by perturbing calcium homeostasis [37]
and may trigger an apoptotic response by activating intrinsic cell
death pathways [38]. In macrophages, TNF-αmay stimulate syn-
thesis of other pro-inflammatory cytokines with pro-apoptotic,
negative inotropic, and matrix-degrading properties [39], and
may upregulate expression of inducible nitric oxide synthase
(iNOS) [40]. In fibroblasts, TNF-α may disrupt the balance be-
tween matrix metalloproteinases (MMPs) and their inhibitors,
leading to ECM degradation [41, 42]. Finally, in the microvascu-
lature, TNF-α increases permeability through modulation of en-
dothelial cyclooxygenase-2, [43] and induces expression of endo-
thelial adhesionmolecules, such as intercellular adhesionmolecule
(ICAM)-1 and vascular cell adhesion molecule (VCAM)-1 [44],
thus enhancing adhesive interactions between circulating leuko-
cytes and the endothelial lining. Neutrophils or pro-inflammatory
monocytes may be trapped in the cardiac microcirculation, thus
contributing to tissue injury and cardiac dysfunction.

Several studies have suggested that in addition to its effects
in progression and accentuation of adverse remodeling and
dysfunction, TNF-α may also exert protective actions on in-
jured or stressed cardiomyocytes. In a model of non-
reperfused MI, global deletion of TNF receptors (TNFRs)
was associated with increased infarct size, suggesting that
TNF-α signaling may transduce cytoprotective signals [18].
In a genetic model of cardiomyopathy due to desmin loss,
TNF-α was found to have cytoprotective actions by promot-
ing formation of an alternative cytoskeletal network that pre-
vents deterioration of cardiac function [45]. Whether this
mechanism can be generalized in other models of heart failure
remains unknown. In isolated rat hearts, low-dose TNF-α im-
proved hemodynamics; the favorable actions were attributed
to the inhibitory effect of TNF-α on cardiomyocyte calcium
influx that may have reduced intracellular calcium overload
[46]. In addition, TNF-α protected mitochondrial respiratory
function following anoxia/reoxygenation injury presumably
due to modulation of reactive oxygen species (ROS) and
sphingolipids [47]. The conflicting findings suggesting both
protective and injurious effects of TNF-α in vivo may reflect
dose-dependent effects or differences in the balance between
TNFR1 versus TNFR2 signaling in various cell types and
experimental models. It has been suggested that the deleteri-
ous effects of TNF-α on cardiac remodeling may be mediated
through TNFR1 signaling; in contrast, TNFR2 actions may be
beneficial [39]. However, the cell-specific actions of TNFR
signaling in vivo and their role in mediating cardiac remodel-
ing have not been systematically investigated.

TNF-α Antagonism in Patients with Heart Failure

The in vivo evidence on the deleterious effects of TNF-α in
the failing myocardium, and early clinical studies suggesting
attenuated dysfunction in small groups of patients receiving
TNF-α antagonists [48] fueled large clinical trials to investi-
gate the effectiveness of TNF-α blockade in HFrEF patients.
Unfortunately, the results were disappointing [49]. The
Randomized Etanercept North AmerIcan Strategy to Study
AntagoNism of CytokinEs (RENAISSANCE) and Research
into Etanercept CytOkine antagonism in VEntriculaR dys-
function (RECOVER) trials tested the effects of TNF-α an-
tagonism through administration of soluble TNFR
(etanercept) in patients with heart failure and systolic dysfunc-
tion. Both trials were halted prematurely due to the lack of
clinical benefit. In addition, the data from both trials were
combined in the Randomized Etanercept Worldwide
Evaluation (RENEWAL) trial; however, again etanercept
had no effect on the primary endpoint of death or heart failure
hospitalization in HFrEF patients [50]. The phase II Anti-
TNF-α in Congestive Heart Failure (ATTACH) trial exam-
ined the effects of infliximab, a chimeric monoclonal anti-
TNF-α antibody in HFrEF patients. TNF-α antagonism using
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infliximab had adverse effects, increasing all-cause mortality
and heart failure hospitalizations in comparison with conven-
tional treatment [51]. The conflicting findings between the
highly promising animal model investigations and early clin-
ical studies, and the disappointing large clinical trials are frus-
trating, but may be explained considering the heterogeneity of
heart failure and the pleiotropic effects of the cytokines. First,
in human patients the (well-described) protective effects of
TNF-α on cardiomyocytes may be more prominent than any
deleterious actions. Second, human heart failure populations
are pathophysiologically heterogeneous. Thus, TNF-α antag-
onism may afford benefit in a yet unidentified subset of pa-
tients with prominent cytokine-mediated injury. Third, dose-
dependent effects of the cytokine may complicate design of
effective therapy. Failing hearts may require an optimal level
of TNF-α activity to preserve function and to prevent exces-
sive remodeling. In addition, intrinsic biological actions of the
anti-TNF agents may have contributed to the adverse effects
of the treatment in some clinical trials. TNFR antagonists may
also act as agonists (referred to as “stimulating antagonists”)
and may stabilize the cytokine under certain conditions [52].

IL-1

The IL-1 family has 11 cytokine members and 10 receptors
[53]; IL-1α/IL-1β, IL-18, and the IL-33/ST2 axis are the best-
studied members of the family in the cardiovascular system. A
large body of experimental evidence supports the notion that
members of the IL-1 family may play an important role in
progression of heart failure and in the pathogenesis of systolic
dysfunction [54, 55]. However, the potential effectiveness of
IL-1 targeting in patients with heart failure has not been
established.

Expression and Role of IL-1 in Heart Failure

IL-1 is consistently upregulated in experimental models of
heart failure due to a wide range of etiologies, including myo-
cardial infarction [56], left ventricular pressure overload [57,
58], transgenic overexpression of calcineurin [59], and diabet-
ic cardiomyopathy [60]. Moreover, myocardial IL-1β induc-
tion has been reported in patients with cardiomyopathic con-
ditions [61]. Heart failure is also associated with activation of

Fig. 1 Cellular actions of TNF-α and IL-1 in heart failure. The pleiotropic
cytokines TNF-α and IL-1 have been implicated in both post-infarction heart
failure (HF) and in non-ischemic HF by modulating phenotype and function
of cardiomyocytes, immune cells, fibroblasts, and vascular cells. Both TNF-α
and IL-1 have negative inotropic actions and induce apoptosis in
cardiomyocytes. Moreover, both TNF-α and IL-1 induce MMP expression,

promoting degradation of the cardiac extracellular matrix (ECM), and stimu-
late inflammatory signaling in leukocytes and vascular endothelial cells.
However, several studies have suggested that TNF-α may exert protective
actions on cardiomyocytes under conditions of stress, by regulating calcium
homeostasis and by preserving mitochondrial function. The cartoon was de-
signed using Servier Medical Art (https://smart.servier.com/)
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the inflammasome [62], a molecular platform of several com-
ponents that is involved in caspase-1-mediated processing of
pro-IL-1β into its active form. Several cell types may contrib-
ute to IL-1 synthesis and activation in injured and failing
hearts, including immune cells, fibroblasts, vascular cells,
and cardiomyocytes [57, 62–64].

Extensive experimental evidence suggests an important
role for IL-1 signaling in the pathogenesis of cardiac dys-
function and adverse remodeling associated with heart fail-
ure. Mice with genetic disruption of IL-1 signaling due to
loss of IL1R1, the signaling receptor for IL-1, had attenuat-
ed adverse remodeling after myocardial infarction,
exhibiting suppressed inflammatory responses [16].
Pharmacologic targeting of IL-1 cascades also showed pro-
tective effects in experimental models. Administration of
recombinant IL-1Ra (anakinra) protected the heart from ad-
verse remodeling in rodent models of post-infarction and
non-ischemic heart failure [65, 66]. Treatment with anti-
IL-1β antibodies was also effective in heart failure models.
In both diabetic and non-diabetic rats with post-infarction
heart failure, administration of the anti-IL-1β antibody
gevokizumab attenuated dilative remodeling and improved
ventricular function, reducing hypertrophy and fibrosis
[67]. However, some studies have suggested that endoge-
nous activation of sub-inflammatory levels of IL-β may
also play an adaptive role following pressure overload me-
diating growth factor-induced compensatory hypertrophy
[68].

What Are the Cellular Mechanisms of IL-1-Mediated Heart
Failure?

As the prototypical pleiotropic pro-inflammatory cytokine,
IL-1 acts on many different cell types (Fig. 1). Although the
cellular basis for IL-1-driven cardiac remodeling and dysfunc-
tion has not been systematically studied, associative data and
in vitro experiments suggest several potential mechanisms.
First, much like TNF-α, IL-1 suppresses systolic cardiomyo-
cyte function through effects that may involve disruption of
calcium handling [69] or suppression of β-adrenergic re-
sponses [70]. Second, IL-1 exerts pro-apoptotic actions on
cardiomyocytes [71]. Third, IL-1 induces leukocyte mobiliza-
tion and activation, thus stimulating downstream inflammato-
ry responses [72, 73]. Fourth, IL-1 may stimulate adhesion
molecule expression in endothelial cells [74], promoting ad-
hesive interactions with circulating leukocytes and increasing
recruitment of inflammatory cells in the myocardium. Fifth,
IL-1 promotes a matrix-degrading phenotype in fibroblasts,
contributing to disruption of critical matrix–cardiomyocyte
interactions required for cell survival [73]. Sixth, IL-1-driven
matrix degradation may ultimately activate fibroblast-
mediated matrix protein synthesis, resulting in accentuated
fibrosis [75] through increased expression of fibrogenic

growth factors. Seventh, IL-1 may increase arterial stiffness
[76] and microvascular inflammation, thus contributing to the
pathogenesis of HFpEF. Finally, in heart failure associated
with autoimmune myocarditis, the effects of IL-1 may involve
dendritic cell activation and subsequent stimulation of
autoreactive CD4+ T cells [77].

Targeting the IL-1 System in Human Heart Failure Patients

In the Canakinumab Anti-Inflammatory Thrombosis
Outcomes Study (CANTOS) trial, treatment of patients with
prior myocardial infarction and evidence of active inflamma-
tion (suggested by elevated high sensitivity C-reactive protein
(hsCRP)) with the anti-IL1β monoclonal antibody
canakinumab had modest favorable effects, reducing the risk
of the composite endpoint (non-fatal myocardial infarction,
non-fatal stroke or death) by 15% in comparison with standard
treatment [78]. The study supported the role of IL-1β in the
pathogenesis of atherothrombotic disease and also generated
observations that may be important in understanding and
treating heart failure. A pre-specified exploratory analysis of
the CANTOS data showed that IL-1β inhibition reduced the
rate of heart failure hospitalizations or heart failure–related
death in a dose-dependent manner [79]. Although the
CANTOS trial was not designed to examine the effectiveness
of IL-1β targeting in heart failure, the findings are consistent
with animal model experiments and suggest that canakinumab
may have therapeutic benefit in subsets of heart failure pa-
tients. Animal model studies also support protective actions
of gevokizumab, another anti-IL-1β antibody, in patients with
post-infarction heart failure [67]. In addition, other smaller
studies further support this concept. In two small clinical stud-
ies in HFrEF patients, anakinra treatment improved indicators
of systolic function [80]. In a small group of patients with
HFpEF and elevated hsCRP, treatment with anakinra reduced
NT-proBNP, but failed to improve indicators of cardiorespi-
ratory fitness [81]. Moreover, in patients with rheumatoid ar-
thritis, treatment with anakinra improved indicators of left
ventricular and vascular function [76, 82]. Thus, IL-1 inhibi-
tion may hold promise as therapy for subpopulations of heart
failure patients exhibiting prominent pro-inflammatory
activation.

IL-6

IL-6 is the prototypical member of the gp130 cytokine family
of cytokines that also includes several other cytokines that
have been implicated in the pathogenesis of cardiovascular
diseases, such as IL-11, leukemia inhibitory factor (LIF),
cardiotrophin-1, and oncostatin-M. These cytokines transduce
signals through the common signaling receptor subunit gp130
[83], activating Janus kinases and triggering STAT3
phosphorylation.
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Expression and Role of IL-6 in Heart Failure

IL-6 is consistently upregulated in experimental models of
cardiac injury and heart failure regardless of the underlying
etiology, and is expressed by cardiomyocytes, infiltrating
mononuclear cells, and fibroblasts [30, 84–86]. Moreover, in
pressure-overloaded hearts, IL-6 induction is accompanied by
upregulation of the IL-6 receptor (IL-6Rα) [86]. Increased IL-
6 expression may reflect the stimulatory effects of neurohu-
moral pathways, Toll-like receptor (TLR) agonists, or other
pro-inflammatory cytokines (such as TNF-α and IL-1) on
myocardial cells, or infiltrating leukocytes. During heart fail-
ure progression, negative regulatory mechanisms may be ac-
tivated to restrain expression of IL-6 and other pro-
inflammatory cytokines. Degradation of IL-6 mRNA by the
RNAse regnase-1 has been suggested as a mechanism
restraining IL-6 expression and pro-inflammatory actions in
the pressure-overloaded myocardium [87]. Although several
clinical studies have demonstrated that failing hearts have in-
creased myocardial IL-6 expression in comparison with non-
failing myocardium [88], other investigations failed to show
increased IL-6 synthesis in heart failure [89], but reported
increased levels of downstream components of the IL-6 sig-
naling cascade, such as gp130. The conflicting findings may
reflect sampling at different stages of the disease, study of
different subsets of heart failure patients, or activation of the
IL-6/IL-6R axis [90] in rejected donor hearts, typically used as
controls in many studies.

Experimental studies on the role of IL-6 in heart failure have
produced conflicting findings, dependent on the model, the
pathophysiologic context, and the type of interventions used
to study the effects of IL-6 signaling. The bulk of the evidence
suggests that the effects of IL-6 signaling in the failing heart are
primarily pro-inflammatory and may accentuate dysfunction.
Persistent gp130/STAT3 signaling enhanced inflammation in
remodeling infarcted hearts [91]. Moreover, in the pressure-
overloaded myocardium, genetic loss of IL6 improved cardiac
function and attenuated hypertrophy through actions attributed
to abrogation of CaMKII-dependent effects on cardiomyocytes
[92]. However, other investigations using similar genetic ap-
proaches found no significant effects of IL6 deletion on the
pressure-overloaded heart [93]. Pharmacologic blockade of
IL-6 through administration of an anti-IL6R antibody attenuat-
ed dilation and improved function in a model of post-infarction
heart failure [94].

The Pleiotropic Actions of IL-6 in the Failing Heart: The Impact
of Cell-Specific Effects and Trans-Signaling

IL-6 is notorious for its pleiotropic actions on many different
cell types involved in heart failure, including macrophages,
lymphocytes, cardiomyocytes, fibroblasts, and vascular cells.
Moreover, the concept of IL-6 trans-signaling contributes an

additional layer of complexity to IL-6-mediated actions.
Classic IL-6 signaling involves binding of the cytokine to the
IL-6R on the cell surface, and subsequent association of the IL-
6/IL-6R complex with gp130, which dimerizes and initiates
signaling. However, IL-6 can also signal in the absence of cell
surface IL-6R. A Disintegrin and Metalloprotease (ADAM)
proteases can cleave IL-6R from the cells, generating soluble
IL-6R (sIL-6R), which may associate with IL-6, stimulating
gp130 signaling on cells that do not express IL-6R on their
surface [95]. This mechanism called “trans-signaling” signifi-
cantly expands the cellular repertoire of IL-6 and complicates
interpretation of its cellular actions (Fig. 2) [83]. Unfortunately,
very little is known regarding the relative in vivo role of classic
and trans IL-6 signaling in the failing heart.

In heart failure, IL-6 has important modulatory effects on
several different cell types. In cardiomyocytes, IL-6 exerts
negative inotropic effects [96] and promotes a hypertrophic
response [97–99] through the gp130/STAT3 pathway, but
may also exert protective actions, mediated through preserva-
tion of mitochondrial function [100]. In fibroblasts, IL-6 pro-
motes proliferation and stimulates ECM synthesis [101–103].
The combined effects of IL-6 on cardiomyocytes and fibro-
blasts may play an important role in the pathogenesis of
HFpEF. In experimental mouse studies, infusion of IL-6
caused concentric hypertrophy and fibrosis, and increased
myocardial stiffness [97]. IL-6 also has potent modulatory
effects on macrophages and lymphocytes. Both pro- and
anti-inflammatory effects of IL-6 have been reported
[104–107]; trans-signaling has been suggested to exert pro-
inflammatory actions, whereas canonical IL-6 signaling may
be anti-inflammatory [108]. The in vivo role of IL-6 in inflam-
mation is likely dependent on the relative contribution of mac-
rophage and lymphocyte subsets, and on the relative role of
classic versus trans-signaling in each specific inflammatory
condition. In the absence of cell-specific dissection in vivo,
it is impossible to define the role of inflammatory signaling in
mediating the in vivo effects of IL-6 in failing hearts.

Targeting IL-6 in Human Heart Failure

Extensive evidence suggests that IL-6 plays a crucial role in
the post-inflammatory hepatic acute phase response and is
implicated in autoimmunity. Based on this evidence, IL-6
has been considered an attractive therapeutic target in many
conditions associated with inflammation. The IL-6 receptor
neutralizing antibody tocilizumab has been approved as effec-
tive therapy for patients with moderate to severe rheumatoid
arthritis and temporal arteritis, and for the treatment of the
cytokine release syndrome associated with CAR-T cell thera-
pies. Experimental evidence demonstrating involvement of
IL-6 signaling in the pathogenesis of heart failure suggests
that treatment with tocilizumab may also be effective in heart
failure patients. However, clinical studies supporting this
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notion are lacking. In patients with rheumatoid arthritis in the
absence of cardiovascular disease, tocilizumab reduced the
circulating levels of N-terminal pro-B-type natriuretic peptide
(NT-proBNP) [109]; this finding may reflect cardioprotective
actions that may attenuate heart failure development. A phase
II clinical trial tested the effectiveness of tocilizumab in reduc-
ing ischemic myocardial injury in acute coronary syndromes.
In non-ST elevation myocardial infarction (non-STEMI) pa-
tients, a single dose of tocilizumab administered prior to cor-
onary angiography was safe and attenuated troponin T release
and systemic inflammation [110]. Although IL-6 blockade
reduced serum CRP, levels of the chemokines CXCL10 and
CCL4 were increased, highlighting the complexity of IL-6
actions on inflammatory cascades [111].

It should be noted that the use of anti-IL-6 therapeutics is
complicated by the classic versus trans-signaling actions of
the cytokine. Anti-IL-6R antibodies block all modes of IL-6
signaling, whereas soluble gp130 selectively inhibits IL-6
trans-signaling by binding to the IL-6–sIL-6R complex. The
effects of various IL-6 targeting strategies on the failing heart
have not been systematically investigated.

CCL2 and the Chemokines

Chemokines are small (8–12 kDa) chemotactic cytokines that
regulate cell migration and positioning in development, ho-
meostasis, and inflammation [112]. On a structural basis,

Fig. 2 IL-6 signaling and cellular actions in the failing heart. The wide
range of cellular targets of IL-6 and the complexity of IL-6 signaling may
explain its pleiotropic actions in heart failure. IL-6 has been reported to
exert both pro- and anti-inflammatory actions, stimulates fibroblast pro-
liferation and ECM synthesis, and promotes cardiomyocyte hypertrophy.
The potential role of trans-signaling adds a layer of complexity to IL-6
actions. Classically, IL-6 signals through binding to the IL-6 receptor (IL-
6R) which in turn associates with the dimerized gp130 receptor subunit
gp130 to form a receptor complex that activates Janus kinases and

triggers STAT3 phosphorylation. Cells lacking the IL-6R may also be
affected by IL-6 through trans-signaling. ADAMproteases can cleave IL-
6R from cell surface, generating soluble IL-6R (sIL-6R), which may
associate with IL-6, stimulating gp130/STAT3 signaling on cells lacking
IL-6R. While classic IL-6 signaling may be anti-inflammatory, trans-
signaling has been suggested to exert pro-inflammatory actions. The rel-
ative contributions of canonical and trans IL-6 signaling in heart failure
have not been systematically studied. This cartoon was designed using
Servier Medical Art (https://smart.servier.com/)
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chemokines can be subclassified into four subfamilies: the
XC, CC, CXC, and CX3C chemokines. From a functional
perspective, chemokines can be “homeostatic” (constitutively
expressed in certain tissues and involved in basal leukocyte
trafficking and formation of lymphoid organs), “inflammato-
ry” (members inducible following injury with effects in leu-
kocyte recruitment and activation) [113–115], or may exhibit
both homeostatic and inflammatory roles. The inflammatory
CC chemokine CCL2/MCP-1 is the best-studied member of
the family in heart failure and has been suggested as a thera-
peutic target in conditions associated with myocardial injury
and adverse remodeling [116].

Expression and Role of CCL2 in Failing Hearts

CCL2 is markedly and consistently upregulated in experimen-
tal models of cardiac injury, remodeling and heart failure [19,
57, 117–119]. In infarcted and in failing hearts, CCL2 has
been localized in endothelial cells [117], vascular smooth
muscle cel ls [120], mononuclear cel ls [17], and
cardiomyocytes [119]; its induction may involve activation
of TLR signaling, neurohumoral cascades, or pro-
inflammatory cytokine-mediated pathways [115]. Studies in
human patients also demonstrated CCL2 upregulation in fail-
ing hearts. CCL2 was overexpressed in myocardial samples
from patients with ischemic [14], dilated [121], or hypertro-
phic cardiomyopathy [122].

Extensive experimental evidence suggests that CCL2 con-
tributes to adverse remodeling, dysfunction, and fibrosis in
models of infarctive and non-infarctive heart failure
(Table 1). In models of myocardial infarction, CCL2 deletion
and anti-CCL2 gene therapy improved adverse remodeling
[124], at the expense of delayed phagocytosis of dead
cardiomyocytes with granulation tissue [19]. In a model of
ischemic fibrotic cardiomyopathy induced through brief repet-
itive ischemia followed by reperfusion, CCL2 contributed to
macrophage recruitment, fibrotic remodeling, and systolic
dysfunction [17]. Moreover, in a model of left ventricular
pressure overload, CCL2 neutralization attenuated diastolic
dysfunction, reducing fibrosis [120]. Clinical studies have al-
so generated associative data consistent with an important role
of CCL2 in heart failure. In HFrEF patients, high circulating
CCL2 levels were associated with more severe symptoms and
worse systolic dysfunction [130]. Moreover, in patients with
advanced heart failure, high circulating levels of CCL2 were
associated with increased mortality [131].

What Is the Cellular Basis for the Effects of CCL2 on
Cardiac Remodeling and Dysfunction?

Immune cells are the most likely major cellular targets of CCL2
in failing hearts. As an inducible inflammatory CC chemokine,
CCL2 is markedly upregulated following injury, binds to

proteoglycans on the endothelium or the ECM, and promotes
recruitment of pro-inflammatory CCR2+ monocytes. In the in-
farcted and remodeling myocardium, CCR2+ monocytes may
promote injury and exacerbate dysfunction by secreting pro-
inflammatory cytokines and matrix-degrading proteases.
CCL2-driven pro-inflammatory signaling may accentuate car-
diomyocyte death; disruption of the CCL2/CCR2 axis in ex-
perimental models of myocardial infarction was reported to
reduce infarct size inmany [132–135] but not in all studies [19].

CCL2 may also exert potent fibrogenic actions on the
remodeling myocardium [17]. CCL2-mediated fibrosis
has been attributed primarily to recruitment and activa-
tion of monocytes and macrophages, resulting in in-
creased synthesis of fibrogenic mediators, such as
TGF-β and osteopontin [17, 19, 136]. Whether CCL2
may also exert direct fibrogenic actions through effects
on resident cardiac fibroblasts or their progenitors re-
mains controversial. Although CCL2 has been reported
to stimulate pro-fibrotic signaling in skin, liver, and lung
fibroblasts [137–139], in cardiac fibroblasts, CCL2 did
not affect matrix gene synthesis or proliferative activity
[17]. It has also been suggested that CCL2 may exert
fibrogenic actions through recruitment of circulating fi-
broblast progenitors [126, 140]. However, the evidence
supporting this notion is associative, based on co-
localization of relatively non-specific hematopoietic cell
and fibroblast markers in the same cells. Lineage tracing
studies have consistently demonstrated that most activat-
ed fibroblasts in failing hearts are derived from resident
fibroblast populations, and not from circulating hemato-
poietic cells [141–143] Thus, the potential role of CCL2-
mediated recruitment of fibroblast progenitors in cardiac
fibrosis remains unclear [144].

It has also been suggested that CCL2 may exert direct
actions on cardiomyocytes, increasing injury-associated death
and promoting dysfunction. Some studies have suggested that
CCL2 may promote cardiomyocyte apoptosis through induc-
tion of the ribonuclease monocyte chemoattractant protein-1-
induced protein (MCPIP, originally proposed to function as a
transcription factor), also known as regnase-1 [145, 146].
However, regnase-1/MCPIP can be induced by a wide range
of inflammatory mediators, and is known to restrain inflam-
mation by degrading cytokine RNAs in immune and non-
immune cells [147]. Although the bulk of the experimental
evidence suggests that CCL2 contributes to adverse remodel-
ing (while playing a role in cardiac repair), some studies using
CCL2-overexpressing mice have suggested cardioprotective
actions of CCL2 in ischemia/reperfusion, mediated through
effects that may involve attenuation of oxidative stress
[148]. These findings may reflect the consequences of base-
line alterations in the cardiac microenvironment in CCL2-
overexpressing mice undergoing ischemia protocols, rather
than direct protective actions of CCL2 on cardiomyocytes.
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CCL2 as a Therapeutic Target in Heart Failure

Considering the extensive evidence suggesting a causative
role for CCL2 in cardiac remodeling and dysfunction, an-
tagonism of the CCL2:CCR2 axis holds promise as heart
failure therapy. Other CC chemokines may also be in-
volved in recruitment of pro-inflammatory leukocytes;
thus, combined targeting of several CC chemokine recep-
tors may increase the effectiveness of the approach.
Despite decades of experimental work on the biology of
the chemokines, implementation of chemokine-targeting
therapeutics in inflammatory conditions remains at an early
stage. In a phase II clinical trial, treatment with an anti-
CCR2 antibody failed to improve symptoms in patients

with rheumatoid arthritis [149]. Another phase II trial using
the dual CCR2/CCR5 inhibitor cenicriviroc in patients
with non-alcoholic steatohepatitis showed promise, sug-
gesting attenuation of inflammation-driven fibrosis [150].
The effectiveness of CC chemokine targeting in human
patients with heart failure has not been tested. Despite the
established role of the CCL2/CCR2 axis in cardiac remod-
eling, several concerns are raised regarding the potential
effects of CC chemokine inhibition. First, macrophages
do not exert solely pro-inflammatory actions, but also serve
to downregulate inflammation and to stimulate angiogene-
sis. Experimental studies have suggested that CCL2 may
play a role in arteriogenesis [151], a process that may be
important for preservation of myocardial perfusion in

Table 1 Experimental studies investigating the role of the CCL2/CCR2 axis in heart failure

Heart failure model Intervention Effects on cardiac function and
remodeling

Cellular target and molecular mechanism Reference

Rat model of pressure
overload through
suprarenal aortic
constriction

Anti-CCL2 neutralizing
antibody

Anti-CCL2 antibody
ameliorated diastolic
dysfunction.

Decreased macrophage recruitment, fibroblast
proliferation and TGF-β production
associated with attenuated myocardial
fibrosis

[120]

Mouse model of left
ventricular pressure
overload

CCR2 antagonist and
antibody-mediated
CCR2+ cell depletion

CCR2 antagonist and depletion
of CCR2+ cells attenuated
LV dilation and systolic
dysfunction

Attenuated CCR2+ macrophage recruitment,
cardiomyocyte hypertrophy, and cardiac
fibrosis

[123]

Mouse model of
non-reperfused myocardial
infarction

Anti-CCL2 gene therapy Anti-CCL2 therapy attenuated
LV dilatation and systolic
dysfunction, and increased
post-MI survival

Attenuated interstitial fibrosis, macrophage
infiltration, and TNF-α and TGF-β1 levels

[124]

Mouse model of reperfused
myocardial infarction

CCL2 KO and antibody
neutralization

CCL2 KO mice had reduced
post-infarction dilative
remodeling

Attenuated myofibroblast proliferation,
reduced macrophage recruitment and
activation, associated with reduced fibrosis
and delayed granulation tissue formation

[19]

Mouse model of ischemic
cardiomyopathy induced
through brief repetitive
ischemia/reperfusion

CCL2 KO and antibody
neutralization

CCL2 KO mice had improved
systolic function, evidenced
by increased fractional
shortening

Reduced fibroblast proliferation and
macrophage recruitment associated with
attenuated interstitial fibrosis

[17]

Mouse model of
ischemia/reperfusion

Depletion of CCR2+
macrophages (by
injecting DT in
CCR2-DTR mice)

Depletion of CCR2+
macrophages improved LV
systolic function, and
reduced LV dilation

Reduced infarct size and attenuated
cardiomyocyte hypertrophy

[125]

Mouse model of angiotensin
II-induced cardiac
remodeling

CCL2 KO CCL2 loss did not affect
systolic function, but
attenuated fibrosis

Attenuated fibrogenic effects of Ang-II, and
the expression of TNF-α and TGF-β1

[126]

Mouse model of aging CCL2 KO Aged CCL2 KO mice had
attenuated diastolic
dysfunction

Reduced leukocyte infiltration, associated with
attenuated fibrosis

[127]

Mouse model of
streptozotocin-induced
diabetes

CCR2 KO
CCR2 inhibitor

CCR2 KO and inhibitor
improved cardiac function
and reduced LV dilation in
diabetic mice

Attenuated cardiomyocyte apoptosis and
induced polarization of M2 macrophages. In
addition, CCR2 KO reduced myocardial
fibrosis presumably due to decreased
macrophage-driven inflammation and
oxidative stress

[128]

N/A Transgenic
Cardiomyocyte-spec-
ific CCL2
overexpression

Cardiomyocyte-specific CCL2
overexpression in mice
induced cardiac hypertrophy
and dilation

Induced myocardial inflammation and fibrotic
changes attributed to inflammatory cell
recruitment and activation

[129]

KO knockout
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patients with heart failure. Targeting CCR2 may not selec-
tively inhibit recruitment of pro-inflammatory macro-
phages, but may also perturb downstream inflammatory
responses that recruit protective leukocyte subsets in the
remodeling myocardium. Second, use of dual CC chemo-
kine inhibitors to target inflammation in heart failure may
also reduce recruitment of lymphocyte subpopulations in-
volved in suppression of inflammation, such as regulatory
T cells (Tregs) [152].

The Challenges of Clinical Translation

Therapeutic translation is always challenging, especially
when dealing with a pathophysiologically heterogeneous
condition, such as heart failure. Despite the promising
experimental findings in animal models, targeting pro-
inflammatory chemokines and cytokines has not yet pro-
duced therapeutic benefit in patients with heart failure.
Several major challenges have hampered therapeutic
translation. First, documentation of clinical benefits in
human heart failure populations requires well-designed
and very expensive clinical trials with long follow-up.
Thus, the pace of testing candidate agents in clinical
trials is predictably slow. Second, animal models are in-
herently suboptimal tools for prediction of therapeutic
efficacy. The strength of animal model studies lies in
the provision of cell biological insights using reductionist
approaches and standardized protocols. No animal model
can recapitulate the pathophysiologic heterogeneity of
human heart failure. Thus, a major priority in clinical
heart failure research is the pathophysiologic stratifica-
tion of human patient populations and the identification
of patient subsets with excessive or dysregulated inflam-
matory responses. Use of inflammatory biomarkers and
imaging strategies may contribute to identification of pa-
tients that may benefit from targeted cytokine therapeu-
tics [153]. Third, the need for chronic administration of
cytokine or chemokine inhibitors to delay progression of
heart failure is a major concern. Pro-inflammatory signal-
ing plays an important role in the defense against infec-
tions, in reparative responses to injury, and in control of
tumors. Moreover, some members of the cytokine family
have been suggested to exert important protective actions
on cardiomyocytes under condi t ions of s t ress .
Considering the perils of chronic administration of anti-
cytokine therapeutics, it may be preferable to focus on
clinical settings associated with rapid inflammation-
driven cardiac remodeling, such as post-infarction heart
failure [154] or acute myocarditis. In these conditions,
brief cytokine inhibition may have lasting effects on the
remodeling process, protecting from the development of
heart failure.

Conclusions

Over the last 30 years, experimental and clinical studies
have greatly contributed to our understanding of the role
of inflammation in the pathogenesis of heart failure.
Despite early disappointments in clinical translation,
targeting inflammatory mediators remains a promising and
attractive direction in heart failure therapeutics. Successful
implementation of cytokine targeting approaches in heart
failure patients will require dissection of specific pro-
inflammatory pathways with a critical role in dysfunction
and progression of adverse remodeling, and identification
of patient subpopulations with dysregulated or overactive
inflammatory responses that may derive maximal benefit
from targeted cytokine or chemokine inhibition.
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