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Abstract: Inflammation is a major component of heart failure (HF), causing peripheral vasculopathy
and cardiac remodeling. High levels of circulating inflammatory cytokines in HF patients have
been well recognized. The hallmark of the inflammatory imbalance is the insufficient production of
anti-inflammatory mediators, a condition that leads to dysregulated cytokine activity. The condition
progresses because of the pathogenic consequences of the cytokine imbalance, including the impact
of endothelial dysfunction and adrenergic responsiveness deterioration, and unfavorable inotropic
effects on the myocardium. Hence, to develop possible anti-inflammatory treatment options that
will enhance the outcomes of HF patients, it is essential to identify the potential pathophysiological
mechanisms of inflammation in HF. Inflammatory mediators, such as cytokines, adhesion molecules,
and acute-phase proteins, are elevated during this process, highlighting the complex association
between inflammation and HF. Therefore, these inflammatory markers can be used in predicting
prognosis of the syndrome. Various immune cells impact on myocardial remodeling and recovery.
They lead to stimulation, release of alarmins and risk-related molecule patterns. Targeting key
inflammatory mechanisms seems a quite promising therapy strategy in HF. Cytokine modulation
is only one of several possible targets in the fight against inflammation, as the potential molecular
targets for therapy in HF include immune activation, inflammation, oxidative stress, alterations in
mitochondrial bioenergetics, and autophagy.
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1. Introduction

A key contributor in the pathophysiology of heart failure (HF) is inflammation, a
pathological underlying condition that is responsible for most abnormalities in the pe-
ripheral vascular function and cardiac remodeling. Patients with HF are reported to have
elevated levels of inflammatory cytokines, including tumor necrosis factor-« (TNF-«),
interleukin (IL)-1, and interleukin (IL)-6, appearing in both plasma and circulating leuko-
cytes, as well as in the failing myocardium. The hallmark of the inflammatory imbalance
is the insufficient production of anti-inflammatory mediators, a condition that leads to
dysregulated cytokine activity. The condition progresses because of the pathogenic con-
sequences of this cytokine imbalance, which include endothelial dysfunction, adrenergic
responsiveness deterioration, and unfavorable inotropic effects on the myocardium [1-3].
Thus, understanding the intricate mechanisms of the inflammatory processes in HF and
complex links within HF itself are crucial for the development of targeted therapeutic
interventions that aim to improve patients” outcomes [1]. This literature review provides
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valuable insights into the complex interplay between inflammatory processes and HF,
highlighting the potential for innovative therapeutic approaches and the importance of
precision medicine in disease management. Our goal is to provide important insights into
the range of anti-inflammatory therapy alternatives, as well as the potential implications for
novel therapeutic approaches. Though many studies have examined the role of inflamma-
tion in HEF, our study is unique because it provides new knowledge and therapeutic options
focused on specific mediators and pathways. Personalized anti-inflammatory medications
based on the patient’s inflammation profile and the facilitation of resolution pharmacology
that activates the reaching of pathways in HF are likely to advance future treatment. By
concentrating attention on the singular aspects of cardiovascular disease, this study review
can contribute to the further development of more effective and personalized HF treatment.

2. Mechanisms of Heart Failure and the Role of Inflammation

HF is based on a complicated interplay of inflammation, neurohormonal stimula-
tion, and immune system alterations. Various important underlying processes have been
proven. First of all, inflammation contributes significantly to the genesis of HF and HF
with preserved ejection fraction (HFpEF) in particular [4,5]. In addition, it has been ob-
served that an innate increased systematic or cardiac immune response runs throughout
the entire inflammatory process on multiple HF subtypes. Inflammation in turn, which
is often a chronic issue, is one of the major risk factors for cardiovascular disease (CVD)
and the pro-inflammatory molecules in HF that cause a vicious cycle and disrupt the
calcium homeostasis and mitochondrial function, thereby impacting myocardial contractil-
ity [5]. The pathogenesis and persistency of HF involves inflammatory cytokines, immune
cells, and signaling pathways. Cytokine activation and its cross-talk with the adrenal
axis, renin-angiotensin aldosterone system (RAAS), as well as the endothelin system, have
been considered important elements in the development and exacerbation of HF. Cytokine
response involving the participation of IL-1p and IL-6, TNF«, and Transforming Growth
Factor-3 (TGFf) is known to be highly critical in the pathogenesis of HF and in regulating
its inflammation-based process. As such, the modulation of cardiac inflammation has been
identified as an attractive target for the treatment of HF, and has also been the focus of
numerous clinical trials.

Secondly, HF progression is also strongly associated with the stimulation of neuro-
hormonal processes, including the Sympathetic Nervous system (SNS), endocrine and
immune systems. Insulin sensitivity disturbance, microvascular dysfunction and cardiac
remodeling that cause aggravation of the disease may be associated with the activation
of the above-mentioned processes. Thirdly, there is an increasing body of evidence that
focuses on gut microbiota as well as their metabolites, which also plays a significant
part in the physiopathology HE. Derived from gut microbiota metabolism imbalance, gut
microbial-derived metabolites could be involved in cardiac dysfunction and inflammation.
The heart may be connected with gut failure through heart-gut axis [6]. Moreover, Toll-like
receptors (TLRs) and nod-like receptors (NLRs), as part of the innate immune response
system, have also been suggested to be a new therapy target of HF. They act as upstream
regulators of cytokine activation during the pathogenic inflammation associated with HF,
and the role of these receptors in HF has been a recent area of intensive research with
potential therapeutic applications [7].

In focusing on the underlying inflammatory processes of the disease, it is worth men-
tioning that inflammation occurs due to a complex interaction between pro-inflammatory
cytokines, adhesion molecules, and oxidative stress. The disorder is characterized by
a dysregulated immune response, which results in myocardial remodeling and, finally,
cardiac dysfunction [1]. Patients with HF show high levels of pro-inflammatory cytokines,
all of which are secreted in a continuous manner [8]: TNF-«, IL-1, -6, -8, -10, -10R, -33
and -18 [1], vascular endothelial growth factor (VEGF), high-sensitivity C-reactive protein
(hs-CRP), brain natriuretic peptide (BNP), vascular cell adhesion molecule 1 (VCAM-1),
C-C Motif Chemokine Ligand 2 (CCL2), monocyte chemoattractant protein (MCP)-1 [9],
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intercellular adhesion molecule-1 (ICAM-1) [10], myeloperoxidase (MPO), and inducible
nitric oxide synthase (iNOS) [3]. They also activate various cells within the myocardium;
which shows that they are not only confined to the immune system [8]. The severity, course
of development and prognostic evaluation of the disease and its exacerbations are associ-
ated with them [3]. Additionally, higher levels of these inflammatory mediators injure the
endothelium, resulting in decreased smooth muscle cell activity promoting vascular tone.
However, other studies have reported higher levels of anti-inflammatory substances such
as adiponectin and soluble Fas/soluble Fas ligand, which were associated with unfavorable
outcomes [10-12].

It is pertinent to mention some specific molecules, which play a key role in the
pathogenesis of HE. Firstly, IL-1 action in cardiovascular disease depends upon molecular
pathways of IL-1R1-IL-1RAcP and activation of interleukin-1 receptor-associated kinases
(IRAKS), as well as tumor necrosis factor receptor associated factor 6 (TRAF6) [13]. It causes
the translation of these transcriptional messenger RNA factors p38 mitogen activated pro-
tein kinase (p38 MAPK) and nuclear factor kappa B (NF-kB) and, hence, its migration
into the nucleus. Secondary messengers are molecules that are coded by hundreds of
target genes and come at this point to create different kinds of signaling pathways [13].
Among the mechanisms linking IL-1 to impaired systolic function, IL-1 inhibits L-type
calcium channels, uncouples the 3-adrenergic receptor (3-AR) from the adenylyl cyclase
(AC), and induces transcriptional and posttranslational changes in phospholamban and
sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA) [13]. IL-1 also increases
NOS expression, leading to increased nitric oxide (NO) activity. This further disrupts
calcium and B-AR signaling and impairs mitochondrial function. These molecular mecha-
nisms contribute to inflammation and cardiac dysfunction by promoting the production of
proinflammatory cytokines and chemokines, and also by inducing contractile dysfunction
in cardiomyocytes and reversible cardiomyopathy in animal models. Additionally, IL-1 has
been shown to increase within hours in ischemic models of HF and is associated with the
progressive nature of the cardiac dysfunction [13].

Other inflammatory markers such as MPO and CRP serve as indicators of cardiac
stress and remodeling through their association with the pathophysiological processes
of the disease. MPO, an enzyme released by activated neutrophils, has been linked to
ventricular dysfunction and remodeling after myocardial infarction (MI), indicating its
role as a marker of cardiac stress and remodeling [14,15]. On the other hand, CRP, an
acute-phase reactant produced by the liver in response to inflammation, has been associ-
ated with the inhibition of pyruvate dehydrogenase activity and mitochondrial function of
cardiomyocytes, further contributing to cardiac dysfunction and remodeling [14,15]. These
mediators modulate the phenotype and function of myocardial cells. They have negative
inotropic effects, inducing inflammatory activation in macrophages, stimulating microvas-
cular inflammation and dysfunction, and promoting a matrix-degrading phenotype in
fibroblasts. Additionally, they may exert chronic fibrogenic actions, leading to interstitial
fibrosis, which may increase myocardial stiffness, further contributing to the pathogenesis
of HFpEF [9]. Likewise, continuing the reference to interleukins, the continuous activation
of oncostatin M (OSM), a cytokine of the IL-6 family, is implicated in cardiac remodeling
and inflammatory cardiomyopathy [1]. It induces dedifferentiation of the cardiomyocytes,
promoting the progression of HF in dilative cardiomyopathy [8].

Lastly, Bcl-2 interacting protein 3 (BNIP3) plays a significant role by mediating cell
death caused by inflammatory cytokines. It has been found to be induced by TNF-a and
NO molecules. It also mediates the detrimental effects of inflammatory agents, inducing
IL-6 and resulting in the progression of HF. Additionally, its activation during stress or
injury depletes endoplasmic reticulum Ca?* and induces mitochondrial dysfunction and
apoptosis [16]. The expression of BNIP3 is altered in human HF during inflammation
response. Additionally, TNF-« has been found to up-regulate BNIP3 expression, further
establishing the association between inflammatory mediators and BNIP3 [16]. Epigenetic
regulation of BNIP3 has been shown to play a crucial role in the progression of various types
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of diseases, including the cardiovascular disorders. Hypomethylation of BNIP3 causes
the up-regulation of the protein’s expression level and contributes to the development of
coronary artery diseases (CAD) that profoundly provokes cardiac dysfunction [17].

Inflammatory markers contribute to cardiac dysfunction through various mecha-
nisms. For instance, TNF-o has been shown to have negative inotropic effects on the adult
mammalian heart, leading to impaired cardiac function and, thus, exacerbation of HF
symptoms [14]. Additionally, IL-1 and IL-6, as well as CRP, have been associated with the
inhibition of pyruvate dehydrogenase activity and mitochondrial function in cardiomy-
ocytes, further contributing to cardiac dysfunction. Furthermore, MPO has been linked to
ventricular dysfunction and remodeling after MI, while iNOS inhibition has been found to
improve ventricular function and remodeling post-MI [14].

It is worth noticing the pivotal role that vascular endothelium has in the pathophysiol-
ogy of HF by regulating vascular tone, inflammation, and thrombotic mechanisms. Altered
endothelial function is a result of the reduced synthesis and release, along with increased
degradation of NO, and elevated production of endothelin-1 (ET-1). Some measures that
have a positive effect on the endothelial function are physical activity, along with the
traditional and adjunctive treatments for HF [3]. An additional condition that contributes
to the formation of inflammation in the context of all phases of HF is oxidative stress. It is
generated by the induction of eNOS uncoupling, in addition to the regulation of apoptosis
among endothelial cells [18].

Many other aspects of HF are triggered by the underlying inflammatory processes,
and they have been observed in both HF with reduced ejection fraction (HFrEF) and
HFpEEF [10]. These include the left ventricular (LV) function, LV remodeling, cachexia,
and hematopoiesis [10,12]. Thus, inflammatory biomarkers can serve as a prognostic
clue to the appearance of all these alterations. In HFpEF, inflammation plays a crucial
role, particularly in response to cardiac pressure overload (e.g., hypertension). In such
conditions, inflammation is one of the earliest pathophysiologic findings; it appears with
the elevation of endothelial adhesion molecules levels, with an increased production of
inflammatory cytokines, and with the inflammatory infiltration (activated inflammatory
cells) of the myocardium [19].

Cytokines aggravate chronic HF symptoms (e.g., hemodynamic imbalances), induce
weight loss, and are directly cardiotoxic, resulting in a decline in myocardial tissue [17].
Chronic inflammation with elevated proinflammatory cytokine levels is considered to have
a pathogenesis role in myocardial remodeling. This is established by impairing myocardial
contraction, causing ventricular hypertrophy, and activating apoptosis mechanisms. The
persistent inflammation involving increased levels of inflammatory cytokines plays a
pathogenic role by influencing heart contractility, inducing hypertrophy, and promoting
apoptosis, contributing to myocardial remodeling. The inflammatory mediators may, in
giving significant prognostic information and increased levels of cytokines in HF patients,
indicate major pathogenetic mechanisms [20]. It is shown that NF-«B activation and
increased levels of CRP highlight the pathogenesis of immune perturbance in chronic HE.
Comparatively, the development of HF is usually based on chronic inflammation processes,
which occur, for example, among patients suffering from CAD. Necrosis is another type of
cell death (the most frequent) associated with cellular pathology and HF, LV dysfunction,
negative inotropic effects, changes in the cardiac metabolism, myocardial remodeling, and
HF progression [16]. Activating signals, like heat shock proteins, High-mobility group
box 1 (HMGB1), Adenosine Triphosphate (ATP), and ROS released by damaged myocytes
and extracellular matrix work as initiators of inflammatory response. Furthermore, NO and
Reactive Oxygen Species (ROS), mainly in the highly inflamed environment of ischemic
heart disease, interact to cause increased cell injury, as well as maintain the inflammation.
The latter ultimately leads to function failure of the myocardium [16].

There are certain comorbidities that contribute to persistent low-grade inflammation
and exert deleterious effects on organ systems beyond the heart, such as skeletal muscle
oxygen extraction during exercise, anemia, sarcopenia, sodium retention in the kidneys,
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and increased pulmonary pressures during exercise due to pulmonary vasoconstriction,
all of which contribute to dyspnea and reduced exercise tolerance in HF [21]. It is equally
interesting that evidence of viral infection in patients with HF and the associated immune
response suggests a direct link between inflammation and HF. Additionally, chronic im-
mune disorders like rheumatoid arthritis have been associated with an increased risk of
HEF, particularly the nonischemic type, indicating that chronic inflammation may directly
lead to HE. In terms of immune response, while certain CD4+ regulatory T cells have been
found to be cardioprotective, preventing the progression of HF, the balance of immune-
mediated injury and repair remains poorly understood, especially in the chronic phase
of myocardial injury [22]. If inflammation is a direct cause of HF, treatments targeting
the immune response may be beneficial. However, if inflammation primarily serves as
a marker of disease, immune modulatory treatment may not be effective, but targeting
patients with documented inflammation to identify and treat unrecognized LV dysfunction
could be beneficial [22].

3. Prognostic Biomarkers in Heart Failure

The use of anti-inflammatory medications in HF has been prompted by the recent
finding that abnormally high levels of specific inflammatory biomarkers (e.g., NT-proBNP,
CRP, pentraxin 3, and a combination of other serum markers) might predict future cardio-
vascular events. Prognostic biomarkers can be used for the evaluation and the guidance of
any given treatment. However, challenges with their clinical surveillance have made a more
focused strategy for identifying individuals who would benefit from specific approaches
necessary [23]. CRP has been linked with characteristics of more severe stages of HF and
has been found to be independently related to unfavorable outcomes, suggesting that it
may be beneficial for determining if patients would benefit from treatment with statins [24].
Moreover, Anand et al. [25] showed that both CRP and TNF can independently predict
morbidity and mortality. Additionally, Food and Drug Administration (FDA) recently ap-
proved two prognostic inflammatory biomarkers in HE, soluble ST2 and galectin-3, for the
prediction of outcomes in HF patients. There is even greater growing interest in pentraxin-3
as a novel cytokine biomarker, further expanding the repertoire of inflammatory biomark-
ers used for prognostication [25]. In addition, the CD14+ + CD16+ monocyte population
has been implicated as a potential inflammatory biomarker, with its levels correlating to
the severity of HF, LV ejection fraction (LVEF), and pro-BNP levels. This suggests the
potential of this monocyte population as an inflammatory biomarker [25]. IL-1 also plays a
significant role in HF, as it is upregulated in HF and associated with a worse prognosis. IL-1
has been shown to induce contractile dysfunction in isolated cardiomyocytes and reversible
cardiomyopathy in mice, as well as increase within hours in ischemic models of HF, and is
associated with the progressive nature of cardiac dysfunction. Additionally, IL-1 blockade
has been found to limit postinfarction ventricular remodeling, improve ventricular systolic
and diastolic function, and increase survival in animal models. It has been also identified
as a cardiodepressant factor in severe sepsis and has been linked to the presence of a
circulating cardiodepressant factor of acute decompensated HF patients [13]. Hofmann
and Frantz also pointed out that it is necessary to identify novel biomarkers, as well as
novel imaging modalities to characterize the immunological status of each patient and to
provide individualized treatment. If this happens, the suitability of patients with HF for
the targeted immuno-modulation therapy will be determined more easily [26].

4. Anti-Inflammatory Treatment Strategy

Several anti-inflammatory medications have been studied, each with a different degree
of effectiveness (Table 1) [12,13,19,22,23,27-65].
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Table 1. An overview of the anti-inflammatory therapeutic options in HF. Each agent targets a specific

inflammatory process, offering potential opportunities for a novel therapeutic intervention.

Anti-Inflammatory Therapy Mechanism of Action

Clinical Evidence/Application

TNF-« Inhibitors
(e.g., Infliximab, Etanercept,
Adalimumab) [27-29]

Inhibits TNF-o signaling, reduces
inflammation, and improves
cardiac function.

Clinical trials have shown mixed results, with some
studies suggesting potential benefits.

Risk of infections; limited long-term data.

May be prescribed in patients with inflammatory
cardiomyopathies secondary to viral infection or
systemic diseases.

May have beneficial effects on cardiac performance,
decrease inflammation and improve outcomes.

Soluble TNF receptors have been investigated as potential
immunomodulators.

They may act as decoy receptors, binding to TNF-« and
reducing its inflammatory effects.

RENEWAL: Recover Renaissance trial showed equivocal
results, with mainly beneficial or neutral outcomes.

Anti-inflammatory actions in addition

Statins [30] to lipid-lowering effects.

Variable impact on inflammatory biomarkers and
clinical outcomes.

Exert anti-inflammatory properties by reducing
pro-inflammatory and inflammatory cytokines (e.g., IL-1,
IL-6, TNF-«) and by improving clinical outcomes.
Beyond their lipid-lowering effects, they possess
anti-inflammatory properties and their potential role in
modulating the inflammatory response has

been investigated.

Short-term atorvastatin treatment has been found to
improve endothelial function by reducing the expression
of proinflammatory cytokines and adhesion molecules.
Adverse effects, statin intolerance.

Suppression of inflammatory
response. Inhibition of the production
of inflammatory cytokines and
reduction of inflammation.

Corticosteroids [31,32]

Limited data in HE.

Their anti-inflammatory effects in the context of acute HF
exacerbations and post-operative inflammatory responses
following cardiac surgery have been explored.

Their potential role in mitigating inflammation and
improving HF outcomes has been a subject of interest.

Inhibits IL-1 signaling, reduces
inflammation, ameliorates ventricular
remodeling, and improves

exercise capacity.

Interleukin-1 (IL-1) Blockade
(e.g., Anakinra, Rilonacept,
Canakinumab) [33-35]

Preclinical studies and pilot clinical trials support the
beneficial effects of IL-1 blockade in reducing systemic
inflammation, potentially enhancing cardiac remodeling,
and improving outcomes.

A CANTOS trial demonstrated a 15% relative risk
reduction in the primary composite endpoint of death,
nonfatal stroke, and nonfatal MI.

Experimental evidence has shown that IL-1 blockade may
lead to a nearly 90% decrease in plasma concentration of
IL-1pB, suggesting a potential regulatory role of IL-1
activity in HE.

IL-1 has been implicated in ischemia-induced systolic
dysfunction, and IL-1 blockade has shown promising
results in preserving systolic function and contractile
reserve in animal models. Their efficacy and safety in
patients with HFpEF is currently being investigated.
Canakinumab has demonstrated improved left
ventricular remodeling and reduction in cardiomyocyte
apoptosis in mice after AMIL

Anakinra has been shown to reduce cardiac apoptosis
and improve cardiac function in rodent models of AMI. It
has beneficial anti-inflammatory and anti-remodeling
effects. In patients with STEM], its subcutaneous
administration led to reduced levels of IL-6 and CRP.

IL-6 blockade (e.g., Tocilizumab) Inhibition of IL-6, a
[36-39] proinflammatory cytokine.

Its potential to improve LV remodeling in mice has
been investigated.

Ongoing research and clinical trials are evaluating the
efficacy of IL-6 blockade in HF.
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Table 1. Cont.

Anti-Inflammatory Therapy

Mechanism of Action

Clinical Evidence/Application

Colchicine [40-42]

Inhibits microtubule polymerization,
reduces inflammasome activation, and
decreases cytokine production.

Clinical trials have demonstrated reduced cardiovascular
events and improved outcomes in patients with CAD
and MI.

Methotrexate [43,44]

Inhibits dihydrofolate reductase,
reduces cytokine production, and
modulates immune responses.

Limited clinical evidence, but studies of rheumatoid
arthritis have shown potential cardiovascular benefits
(CIRT trial).

Endothelin receptor antagonists
(e.g., bosentan, macitentan) [45—47]

Inhibition of the effects of endothelin
on the myocardium and vasculature.

Used to block the effects of endothelin-mediated
myocardial and vascular remodeling in HF.

They have been shown to improve symptoms and
exercise capacity.

Antioxidants (e.g., vitamins C and E,
coenzyme Q10) [48-51]

Scavenge ROS and prevent oxidative
damage to the myocardium,
potentially reducing oxidative stress
and its impact on ML

Their ability to mitigate the adverse effects of oxidative
stress in HF has been studied.

Studies suggest that oxidative stress can increase cytokine
levels, representing a potential vicious cycle in HF,
meaning antioxidative therapy could therefore

be of interest.

NF-«B inhibition [52]

Suppression of NF-kB, a transcription
factor involved in the expression of
proinflammatory cytokines and
adhesion molecules.

Pimobendan showed improvement in the management of
HF in the EPOCH study.

NSAIDs

Inhibition of the activity of COX
enzymes, reduction of the production
of prostaglandins and other
inflammatory mediators.

NA

MMP-2 inhibitors (e.g., PG-116800)

Their potential to prevent ventricular remodeling after MI

[53] NA has been investigated.

MMP-9 deletion [54] NA . It has been shown to attenuate LV'enlargement and
collagen accumulation after experimental MI.

Soluble TNF-« receptor 1 gene NA e  Ithasbeen found to improve cardiac function and reduce

transfer [55]

infarct size after MI in rats.

Abbreviations. TNF-o:: Tumor Necrosis Factor alpha; HF: Heart Failure; IL: Interleukin; ROS: Reactive Oxygen
Species; MI: Myocardial Infarction; AMI: Acute Myocardial Infarction; NF-«kB: Nuclear factor kappa B; NSAIDs:
Nonsteroidal Anti-Inflammatory Drugs; COX: cyclooxygenase; LV: left ventricular; EPOCH Study: Effects of
Pimobendan On Chronic Heart failure; MMP-2: Matrix metallopeptidase 2; MMP-9: Matrix Metallopeptidase 9;
NA: Non-Applicable.

Many clinical trials were conducted, and most showed promising results in the lim-
itation of inflammation, minimization of heart damage, as well as the prevention and
outcomes of the disease itself [2,10,16,20,22,24,66-68]. All of these methods have provided
accurate clinical evidence for the reduction of inflammation (Table 2) [51,69-99].

Table 2. Potential anti-inflammatory drugs and targets whose potential in addressing inflammation

in heart failure is being investigated.

Anti-Inflammatory Strategy

Clinical Clues

Pentraxin-3 [69]

. Emerging novel therapeutic target.

Mannose-binding lectin [70]

. Emerging novel therapeutic target.

PI3Ky [71,72]

. Emerging novel therapeutic target.

Matricellular proteins [73]

. Emerging novel therapeutic target.

RAAS antagonists [74-76]

. They have been found to decrease the levels of cytokines in small clinical studies.
. There are potential benefits of ARB in improving outcomes exercise performance, hemodynamics,
inflammation markers, and cardiac function in patients with CHFE.

Beta-blockers [77,78]

. They decrease the levels of proinflammatory cytokines in small clinical studies.
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Table 2. Cont.

Anti-Inflammatory Strategy

Clinical Clues

Antidepressants (e.g., SSRIs, SNRIs,
TCA) [79]

They reduce the levels of inflammatory cytokines (e.g., TNF-&, CRP) in patients with HF and
depression. The level of reduction in inflammatory agents depends on the kind of antidepressant
agent administered, with patients treated with SNRIs or TCA showing lower levels of TNF-& and
CRP than those treated with SSRIs.

Other anti-inflammatory agents

They target the complement cascade, cytokine system, and immune cells.
They aim to attenuate inflammatory response and its detrimental effects on cardiac function.

Antioxidant agents [51,80-82]

A small double-blind randomized controlled trial investigating the use of vitamin E in HF
patients did not demonstrate significant improvements.

Other potential antioxidant approaches include targeting specific sources of oxidative stress and
using medications with antioxidant effects, such as hydralazine and isosorbide dinitrate.

There are potential benefits of carnitine treatment in improving outcomes exercise performance,
hemodynamics, inflammation markers, and cardiac function in patients with CHE.

Physical Training [83—-85]

Modulation of proinflammatory cytokines and the soluble Fas/soluble Fas ligand system.
There are potential benefits in improving outcomes exercise performance, hemodynamics,
inflammation markers, and cardiac function in patients with CHE.

Adiponectin [86]

Elevated levels associated with adverse clinical outcomes.

Soluble Fas/Soluble Fas Ligand [87,88]

Elevated levels associated with adverse clinical outcomes.

Omega-3 Fatty Acids [89-91]

Potential anti-inflammatory effects.

Growth Hormone administration [92,93]

There are potential benefits in improving outcomes exercise performance, hemodynamics,
inflammation markers, and cardiac function in patients with CHF.

Immunomodulating Agents

(e.g., IVIG, immunoadsorption,
thalidomide, re-administration of
autologous blood exposed ex vivo to
oxidative stress, chemokine antagonists)
[94,95]

Their potential to modulate the cytokine network and restore an inflammatory imbalance has
been studied.

Although they have demonstrated promising results in smaller studies, there is a need for
confirmation in larger trials that feature hospitalizations and mortality as endpoints.
Thalidomide has been studied as a potential treatment option. It has been shown to have
anti-inflammatory effects and may modulate the cytokine network in HF patients.

IVIG contains anti-inflammatory antibodies and its effects on immune activation and
inflammation in HF patients have been studied.

By reducing circulating inflammatory mediators, immunoadsorption could potentially modulate
the immune response and improve cardiac function.

They may target specific chemokines involved in the inflammatory response and myocardial
remodeling in HF.

NF-«B inhibitors [96]

It has been shown to be upregulated in human myocardial tissue and is associated with the
expression of proinflammatory cytokines, adhesion molecules, and effector enzymes.

Pentoxifylline, (xanthine-derived agent)
[97,98]

It demonstrated beneficial effects in CHF in several clinical trials by inhibiting the production of
TNF-« and being associated with improvements in HF symptoms and LV function.

HDAC inhibitors [99]

They have been found to demonstrate potent anti-inflammatory actions and have shown promise
in blocking adverse cardiac remodeling in animal models.

They target inflammatory cascades by affecting multiple cell types and diverse pathological
mechanisms. They have been shown to block adverse cardiac remodeling characterized by
myocyte hypertrophy, myocyte death, and fibrosis, ultimately leading to impaired cardiac
function and HE.

Abbreviations: PI3Ky: Phosphatidylinositide 3-Kinase-y; RAAS: Renin-Angiotensin-Aldosterone System; ARB:
Angiotensin Receptor Blockers; CHF: Chronic Heart Failure; SSRIs: Selective Serotonin Reuptake Inhibitors;
SNRIs: Serotonin and Norepinephrine Reuptake Inhibitors; TCA: Tricyclic Antidepressants; CRP: C-Reactive-
Protein, HF: Heart Failure; NF-«B: Nuclear factor kappa B; IVIG: Intravenous Immunoglobulin; HDAC: Histone
deacetylase inhibitors.

Inflammation can be inhibited or at least reduced by several methods. First, one major
way is the restoration of intercellular glutathione metabolism. It may be also possible
to neutralize the various inflammatory and proinflammatory cytokines involved in the
generation of inflammation in HF context, such as IL-10, making it possible to reverse the
various inflammatory pathways of HF [1,68].

Cytokine modulation is only one of several possible targets in the fight against in-
flammation. The potential molecular targets for therapy in HF include immune acti-
vation, inflammation, oxidative stress, alterations in mitochondrial bioenergetics, and
autophagy [18,100]. Other approaches include the delivery of neutralizing IL-1f3 or IL-1
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receptor antibodies to patients with abundant numbers of CCR2+ macrophages in the
cardiac tissue; the inhibition of chemokines that potentiate inflammatory monocyte and
T cell recruitment; and/or activation and targeting of IL-1f3 in atherosclerosis [15]. In
two novel developments, the significance of the IL-10/TNF-« ratio and the influence of
low-dose ionizing radiation on inflammation and oxidative stress in HF patients both offer
future treatment opportunities [101]. Studies of both preclinical and clinical data revealed
a decrease or reversal in endothelial dysfunction caused by the induction of NO synthesis
and the administration of statins, antioxidants, l-arginine, and angiotensin-converting
enzyme (ACE) inhibitors. Increasing data supports the application of intravenous im-
munoglobulin (IVIG) [1]. Moreover, the benefits of physical activity, cessation of smoking,
growth hormone therapy, carnitine intervention, and angiotensin receptor blocker therapy
in improving outcomes have been established in the literature [3].

Targeting inflammation in HF is a topic of an ongoing research, and is a preoccupation
for some additional approaches that have recently emerged, in addition to the controlling
of cytokines. New emerging targets of inflammation in HF include the administration of
modern anti-inflammatory drugs, such as colchicine and methotrexate, which have been
demonstrated to reduce inflammation and provide beneficial outcomes in HF patients.
Furthermore, there are indications that altering the composition of gut microbiota may
reduce inflammation and ameliorate symptoms. Additionally, novel treatments aimed
at distinct pro-inflammatory cascades (e.g., NLRP3 inflammasomes) have been explored,
with specific attention to their ability to reduce HF-induced inflammation. Other novel
methods utilized include cancer drugs directed against PLK1, which have shown promise
in the management of medical conditions like HF and cardiomyopathy. Moreover, a new
specialized type of immunomodulatory cells has been prospectively mentioned in relation
to a large cause of heart failure, namely inflammation. The proposed innovations are
extremely promising and could lead to the design of new therapies that can be used to treat
inflammation from a HF perspective.

Targeting OSM signaling may represent a meaningful therapeutic approach for the
prevention of HF and the improvement of cardiac function. Inhibition of OSM signaling
improves cardiac function in a mouse model of inflammatory cardiomyopathy. This
is achieved by reducing cardiomyocyte remodeling and dedifferentiation, resulting in
improved cardiac performance and increased survival. Pharmacological attenuation of
long-lasting Ob signaling is a promising strategy to treat different types and stages of HF.
Additionally, partial inhibition of OSM-receptor (Ob) activity improved cardiac function
and reduced cardiac remodeling without optimization of the treatment regimen. This
indicates potential therapeutic benefits in human patients. It may also aid the prevention
of HF in aging societies [8].

One potential epigenetic-related therapeutic approach involves the up-regulation of
BNIP3 in HF and epigenome-based drug discovery. This is because they seek to regulate
the expression of this marker which in turn, might help to uncover novel therapeutic
options [17]. Similarly, NOD-, LRR- and Pyrin Domain-Containing Protein 3 (NLRP3)
inflammasome could also represent other targets of promising anti-inflammatory agents. It
has also been proposed that CCL2 may be a potential target in diseases linked with cardiac
injury, as well as in HF. Antagonism of the CCL2:CCR2 axis holds promise as a HF therapy,
as it may contribute to the attenuation of inflammation-driven fibrosis [9,102].

In a State-of-the-Art Review [21], the existing evidence from clinical trials of anti-
inflammatory treatment strategies in HF have been shown to be mostly unsuccessful,
likely reflecting our poor understanding of the complex inflammatory networks within
the syndrome of HE. The cornerstone of guideline-directed medical therapy for patients
with chronic HFrEF involves the inhibition of the RAAS and sympathetic nervous system,
as well as augmentation of favorable pathways with neprilysin inhibition. Biomarkers of
inflammation are observed to decrease in patients receiving many such therapies. These
effects are likely indirect, however, and related to improved HF, rather than direct anti-
inflammatory effects [21,103,104].
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Inflammation plays a significant role in HF, as evidenced by the association of acute
and CHF with inflammatory cell activation. The use of anti-inflammatory approaches
has shown efficacy in animal models and in small-scale clinical trials in humans. These
anti-inflammatory effects are thought to be mediated, at least in part, by the induction of
regulatory T cells (Tregs) and the promotion of acetylation of the FoxP3 transcription factor,
which is a master regulator of Treg differentiation. The use of anti-inflammatory drugs in
conjunction with standard HF therapies, such as ACE inhibitors and (3-blockers, presents
an opportunity for synergistic treatment strategies. While the efficacy of anti-inflammatory
agents in HF is promising, further research is needed to elucidate the mechanisms of action
and to determine the optimal dosing and safety profiles for these agents in the context of
HF [105].

Hofmann and Frantz [26], included an outline of several randomized controlled
trials that evaluated the clinical outcomes of the administration of immunomodulating,
or anti-inflammatory agents given in chronic HF, in their study: the improvement of
many functional parameters, including New York Heart Association (NYHA) class, LVEF,
possibility of hospitalization, cardiac remodeling, and mortality rates was obvious in most
of them [26].

Inflammation targeting therapies in HF clinical trials have not been promising and
there are multiple explanations why. For example, CORONA (Controlled Rosuvastatin
Multinational Trial in Heart Failures) demonstrated a decrease in high sensitivity CRP,
without mortality reduction in older patients with HF [106]. The same was found in a
GISSI-HF trial that investigated if rosuvastatin could decrease mortality and hospitalization
of HF [107]. Moreover, some trials with anti-TNF agents were abandoned on the grounds of
futility and harm to the intervention group. These were also like other placebo-controlled
IVIG and immunomodulation of cytokine trials. Additionally, corticosteroids have shown
improvement in LVEF in studies and metanalysis of patients with acute myocarditis [22].

It is necessary to highlight the fact that, despite the promising results that the available
anti-inflammatory medications have shown, further research is essential to identify the
target molecules of the treatment with a greater specificity [1,68]. Moreover, mortality
and morbidity rates are still high, despite the use of conventional treatments targeting
neurohumoral activation, emphasizing the need for additional therapeutic options. Simi-
larly, while it is well-established that inflammation has a key role in the pathogenesis and
progression of HF, targeting inflammation with specific therapeutic agents may not be
universally effective [108]. Precise patient selection is crucial when considering additional
therapies, as different subgroups of patients may exhibit varying levels and types of the
inflammatory cascade. For instance, inflammatory activation may differ in HF occurring
in the early stages after acute MI compared to chronic HF, and different types of HF (e.g.,
diabetic, ischemic, hypertensive, viral, and idiopathic cardiomyopathy) may require the
target of different inflammatory pathways [16].

5. Discussion

The central cytokine in the pathogenesis of HF is TNF-«, yet its modulation is another
potential therapeutic approach. Preliminary reports suggested that TNF-« inhibition with
recombinant chimeric soluble TNF receptor (TNF-R) type 2 (etanercept) may have beneficial
effects on cardiac remodeling [16]. However, studies with a large number of participants
that examine the impact of etanercept on morbidly and mortality have shown conflicting
results in HF [16].

It has been suggested that inflammation is a result of the impairment of cardiomy-
ocyte homeostasis due to imbalanced activity between protein synthesis-degradation and
organelle capacity. Moreover, apoptogenic proteins cannot be eliminated and damaged
mitochondria are not activated and well-functioning. As a result, the cardiomyocyte
death along with extra-cellular cardiac matrix dysregulation, lead to myocardial cellular
dysfunction and ultimately to HF [109].
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One therapeutical approach is the use of statins, which have anti-inflammatory prop-
erties and can reduce pro-inflammatory cytokines (such as IL-1, IL-6, and TNF-o from
macrophages), inhibit cell adhesion molecules, and augment NO production. However,
randomized studies of statins in patients with HF have not supported their use in this
population unless indicated by the presence of CAD or dyslipidemia [16]. The Scandina-
vian simvastatin survival study (4S) demonstrated fewer instances of new-onset HF after
simvastatin treatment, suggesting potential benefits of statin treatment in HF. However,
further prospective data are needed to examine their effects and to determine the optimal
doses needed to achieve the optimal anti-inflammatory effect [17]. Other studies have
suggested that they may have immunomodulatory effects and could potentially influence
the inflammatory cytokine cascade [20].

Although anti-inflammatory therapy has great potential, developing ideal immunomod-
ulatory therapies has proven to be rather challenging. Extensive studies involving TNF-o
antagonism that use etanercept as well as infliximab in a group of large-scale clinical
trials have not demonstrated any benefit for chronic HF patient populations, further ex-
emplifying the intricacy behind the inflammatory mechanism involved. In addition, the
multiple causality for chronic HF and the complex character of the immune reaction are
both problems for attempts to find appropriate treatment [1,68]. The complex interplay
between inflammatory mediators and the cardiac extracellular matrix underscores the need
for continued research to develop new treatment strategies targeting inflammatory and
immunopathogenic mechanisms in HF [24]. The importance of well-designed clinical trials
and the identification of patient subpopulations that may benefit from targeted cytokine or
chemokine inhibition is also underscored.

Moreover, the challenges faced in translating experimental findings on cytokine in-
hibition into clinically applicable treatment are multifaceted. Firstly, documentation of
clinical benefits in human HF populations requires well-designed and expensive clinical
trials with long follow-up, leading to a slow pace of testing candidate agents. Secondly,
animal models are suboptimal for predicting therapeutic efficacy due to their inability to
recapitulate the pathophysiologic heterogeneity of human HFE. Thus, a major priority in
clinical research is the pathophysiologic stratification of human patient populations and
the identification of patient subsets with excessive or dysregulated inflammatory responses.
Thirdly, the need for chronic administration of cytokine or chemokine inhibitors to delay
progression of HF is a major concern, as it poses potential risks and challenges [102].

Neutrophil-to-lymphocyte ratio (NLR) has been investigated as a recent inflammatory
index and a prognostic tool in HF during the last few years. It is a simple prognostic tool
for risk stratification and prioritizing high risk patients in clinical settings, especially in
resource-limited nations [110]. In a recent meta-analysis [110], it was found that mean NLR
in HF patients was 4.38 (95% CI: 4.02-4.73). Each unit increase in this biomarker has been
associated with an increased mortality risk of 1.12 (95% CI: 1.02-1.23, p = 0.013) times,
and this risk was higher among patients with higher NLR values than proposed cut-offs
(HR: 1.77, 95% CI: 1.27-2.46, p = 0.001); being in a higher NLR tertile was associated with
increased death likelihood (T2 vs. T1: HR: 1.56, 95% CI: 1.21-2.00, p = 0.001, T3 vs. T1: HR:
2.49,95% CI: 1.85-3.35, p < 0.001) [110]; and NLR could be considered as a biomarker that
mirrors the balance between acute and chronic inflammation and adaptive immunity, as
well as a robust prognostic marker of disease severity and predictor of mortality in several
diseases, including sepsis, pneumonia, COVID-19, cancer and cardiovascular diseases [111].

6. Conclusions

Targeting the key inflammatory mechanisms that underlie HF seems quite a promising
approach for a therapeutic strategy of HF. Although there are currently anti-inflammatory
therapeutic approaches, knowledge on this field still remains limited. The inflammation
process in HF has been associated with an unbalanced level of cardiomyocyte homeostasis,
resulting in cell death and the malfunctioning of the extracellular cardiac matrix. Of the
several cytokines associated with HF, TNF-o, which showed modulative activity on cardiac
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remodeling, has been identified as a central one. However, investigations of etanercept as
a TNF-« inhibitor in HF have proven to be limited in number and controversial. Several
studies have also addressed statins with anti-inflammatory characteristics, which are meant
to reduce pro-inflammatory cytokines. However, randomized control trials of their efficacy
have not supported their use in HF, unless there is concomitant CAD or dyslipidemia. In
addition, the challenges involved in developing effective immunomodulatory therapies
include the complex nature of the immune response and the difficulty of translating scien-
tific knowledge into effective clinical treatment. These reiterate the requirement for proper,
well-designed, expensive clinical trials that have prolonged follow-up, that acknowledge
the failure of animal models to predict drug efficacy, and safety concerns related to the
long-term application of cytokine inhibitors and chemokines. Randomized controlled
trials should be undertaken to gain an enhanced understanding of possible sources of
inflammation, as well as the possibility of creating new anti-inflammatory strategies. More
scientific studies need to come up with new disease therapies that to block inflamma-
tory/immunopathogenic factors implicated in HF development, and also identify patient
subgroups who would respond to specific chemokined or cytokined inhibition strategies.
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Abbreviations

AC Adenylyl Cyclase

ACE Angiotensin Converting Enzyme

ACEi Angiotensin Converting Enzyme Inhibitors
AMI Acute Myocardial Infarction

ARBs Angiotensin Receptor Blockers

ATP Adenosine Triphosphate

BNIP3 Bcl-2 Interacting Protein 3

BNP Brain Natriuretic Peptide

Ca?* Calcium Cation

CAD Coronary Artery Disease

CCL2 C-C Motif Chemokine Ligand-2

CCR2 C-C chemokine Receptor type 2

CD16+ Cluster of Differentiation-16+

CD4+ Cluster of Differentiation-4+

CHF Chronic Heart Failure

CORONA Controlled Rosuvastatin Multinational Trial in Heart Failures
COX Cyclooxygenase

CRP C-Reactive Protein

CVD Cardiovascular Disease

EF Ejection Fraction

eNOS endothelial Nitric Oxide Synthase

EPOCH Study Effects of Pimobendan On Chronic Heart failure
ET-1 Endothelin-1

FDA Food and Drug Administration

FoxP3 Forkhead Box P3

HDAC Histone deacetylase inhibitors

HF Heart Failure

HFpEF Heart Failure with preserved Ejection Fraction
HFrEF Heart Failure with reduced Ejection Fraction
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HMGB1 High Mobility Group Box-1

hs-CRP high-sensitivity C-Reactive Protein
ICAM-1 Intercellular Adhesion Molecule-1

IL-1 Interleukin-1

IL-10 Interleukin-10

IL-16 Interleukin-6

IL-13 Interleukin-1p3

IL-1R1 Interleukin-1 Receptor type 1

IL-1RAcP Interleukin-1 Receptor Accessory Protein
iNOS inducible Nitric Oxide Synthase

IRAKs Interleukin-1 Receptor-Associated Kinases
IVIG Intravenous Immunoglobulin

LV Left Ventricular

LVEF Left Ventricular Ejection Fraction

MCP-1 Monocyte Chemoattractant Protein-1

MI Myocardial Infarction

MMP-2 Matrix metallopeptidase 2

MMP-9 Matrix Metallopeptidase 9

MPO Myeloperoxidase

NA Non-Applicable

NF-kB Nuclear Factor kappa Beta

NLRP3 NOD-LRR-and Pyrin Domain Containing Protein-3
NLRs Nod-like Receptors

NO Nitric Oxide

NOS Nitric Oxide Synthase

NSAIDs Nonsteroidal Anti-Inflammatory Drugs
NT-proBNP N-Terminal pro B-type Natriuretic Peptide
NYHA New York Heart Association

OSM Oncostatin-M

p38 MAPK P38 Mitogen Activated Protein Kinase
PI3BKy Phosphatidylinositide 3-Kinase-y

PLK1 Polo-Like Kinake-1

pro-BNP pro B-type Natriuretic Peptide

RAAS Renin-Angiotensin-Aldosterone System
RNA Ribonucleic Acid

ROS Reactive Oxygen Species

SERCA Sarcoplasmic/Endoplasmic Reticulum Calcium ATPase
SNRIs Serotonin and Norepinephrine Reuptake Inhibitors
SNS Sympathetic Nervous System

SSRIs Selective Serotonin Reuptake Inhibitors
ST2 Suppression of Tumorigenicity-2 protein
TCA Tricyclic Antidepressants

TGEp Transforming Growth Factor beta

TLRs Toll-like Receptors

TNF Tumor Necrosis Factor

TNF-R TNF-a inhibition with recombinant chimeric soluble TNF Receptor
TNF-o Tumor Necrosis Factor-alpha

TRAF6 Tumor Necrosis Factor Receptor Associated Factor-6
Tregs regulatory T cells

VCAM-1 Vascular Cell Adhesion Molecule-1

VEGF Vascular Endothelial Growth Factor

3-AR -Adrenergic Receptor

References

1.  Gullestad, L.; Kjekshus, J.; Damas, ].K.; Ueland, T.; Yndestad, A.; Aukrust, P. Agents targeting inflammation in heart failure.
Expert Opin. Investig. Drugs 2005, 14, 557-566. [CrossRef]

2. Oikonomou, E.; Tousoulis, D.; Siasos, G.; Zaromitidou, M.; Papavassiliou, A.G.; Stefanadis, C. The role of inflammation in heart
failure: New therapeutic approaches. Hellenic J. Cardiol. 2011, 52, 30—40.


https://doi.org/10.1517/13543784.14.5.557

Int. J. Mol. Sci. 2024, 25, 510 14 of 18

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Tousoulis, D.; Charakida, M.; Stefanadis, C. Inflammation and endothelial dysfunction as therapeutic targets in patients with
heart failure. Int. J. Cardiol. 2005, 100, 347-353. [CrossRef]

Shirazi, L.F; Bissett, J.; Romeo, F.; Mehta, ].L. Role of Inflammation in Heart Failure. Curr. Atheroscler. Rep. 2017, 19, 27. [CrossRef]
Riehle, C.; Bauersachs, J. Key inflammatory mechanisms underlying heart failure. Herz 2019, 44, 96-106. [CrossRef]

Kamo, T.; Akazawa, H.; Suzuki, ].I.; Komuro, I. Novel Concept of a Heart-Gut Axis in the Pathophysiology of Heart Failure.
Korean Circ. |. 2017, 47, 663-669. [CrossRef]

Wagner, K.B.; Felix, S.B.; Riad, A. Innate immune receptors in heart failure: Side effect or potential therapeutic target? World J.
Cardiol. 2014, 6, 791-801. [CrossRef]

Poling, ].; Gajawada, P; Richter, M.; Lorchner, H.; Polyakova, V.; Kostin, S.; Shin, J.; Boettger, T.; Walther, T.; Rees, W.; et al.
Therapeutic targeting of the oncostatin M receptor-f3 prevents inflammatory heart failure. Basic Res. Cardiol. 2014, 109, 396.
[CrossRef]

Hanna, A.; Frangogiannis, N.G. Inflammatory Cytokines and Chemokines as Therapeutic Targets in Heart Failure. Cardiovasc.
Drugs Ther. 2020, 34, 849-863. [CrossRef]

Heymans, S.; Hirsch, E.; Anker, S.D.; Aukrust, P.; Balligand, J.L.; Cohen-Tervaert, ] W.; Drexler, H.; Filippatos, G.; Felix, S.B.;
Gullestad, L.; et al. Inflammation as a therapeutic target in heart failure? A scientific statement from the Translational Research
Committee of the Heart Failure Association of the European Society of Cardiology. Eur. ]. Heart Fail. 2009, 11, 119-129. [CrossRef]
Suzuki, S.; Takeishi, Y.; Niizeki, T.; Koyama, Y.; Kitahara, T.; Sasaki, T.; Sagara, M.; Kubota, I. Pentraxin 3, a new marker for
vascular inflammation, predicts adverse clinical outcomes in patients with heart failure. Am. Heart J. 2008, 155, 75-81. [CrossRef]
Givertz, M.M.; Colucci, W.S. New targets for heart-failure therapy: Endothelin, inflammatory cytokines, and oxidative stress.
Lancet 1998, 352, SI34-SI38. [CrossRef]

Van Tassell, B.W.; Raleigh, ].M.; Abbate, A. Targeting interleukin-1 in heart failure and inflammatory heart disease. Curr. Heart
Fail. Rep. 2015, 12, 33-41. [CrossRef]

Reina-Couto, M.; Pereira-Terra, P.; Quelhas-Santos, J.; Silva-Pereira, C.; Albino-Teixeira, A.; Sousa, T. Inflammation in Human
Heart Failure: Major Mediators and Therapeutic Targets. Front. Physiol. 2021, 12, 746494. [CrossRef]

Rhee, AJ.; Lavine, K.J. New Approaches to Target Inflammation in Heart Failure: Harnessing Insights from Studies of Immune
Cell Diversity. Annu. Rev. Physiol. 2020, 82, 1-20. [CrossRef]

Briasoulis, A.; Androulakis, E.; Christophides, T.; Tousoulis, D. The role of inflammation and cell death in the pathogenesis,
progression and treatment of heart failure. Heart Fail. Rev. 2016, 21, 169-176. [CrossRef]

Anker, S.D.; von Haehling, S. Inflammatory mediators in chronic heart failure: An overview. Heart 2004, 90, 464—470. [CrossRef]
Ayoub, K.F; Pothineni, N.V.K,; Rutland, J.; Ding, Z.; Mehta, ].L. Immunity, Inflammation, and Oxidative Stress in Heart Failure:
Emerging Molecular Targets. Cardiovasc. Drugs Ther. 2017, 31, 593-608. [CrossRef]

Glezeva, N.; Baugh, ].A. Role of inflammation in the pathogenesis of heart failure with preserved ejection fraction and its potential
as a therapeutic target. Heart Fail. Rev. 2014, 19, 681-694. [CrossRef]

Aukrust, P; Gullestad, L.; Ueland, T.; Damas, ].K.; Yndestad, A. Inflammatory and anti-inflammatory cytokines in chronic heart
failure: Potential therapeutic implications. Ann. Med. 2005, 37, 74-85. [CrossRef]

Murphy, S.P,; Kakkar, R.; McCarthy, C.P; Januzzi, J.L., Jr. Inflammation in Heart Failure: JACC State-of-the-Art Review. J. Am.
Coll. Cardiol. 2020, 75, 1324-1340. [CrossRef]

Szabo, T.M.; Frigy, A.; Nagy, E.E. Targeting Mediators of Inflammation in Heart Failure: A Short Synthesis of Experimental and
Clinical Results. Int. J. Mol. Sci. 2021, 22, 13053. [CrossRef]

Ruparelia, N.; Chai, J.T.; Fisher, E.A.; Choudhury, R.P. Inflammatory processes in cardiovascular disease: A route to targeted
therapies. Nat. Rev. Cardiol. 2017, 14, 314. [CrossRef]

Gullestad, L.; Ueland, T.; Vinge, L.E.; Finsen, A.; Yndestad, A.; Aukrust, P. Inflammatory cytokines in heart failure: Mediators and
markers. Cardiology 2012, 122, 23-35. [CrossRef]

Anand, I.S.; Latini, R; Florea, V.G.; Kuskowski, M.A.; Rector, T.; Masson, S.; Signorini, S.; Mocarelli, P.; Hester, A.; Glazer, R.; et al.
C-reactive protein in heart failure: Prognostic value and the effect of valsartan. Circulation 2005, 112, 1428-1434. [CrossRef]
Hofmann, U.; Frantz, S. How can we cure a heart “in flame”? A translational view on inflammation in heart failure. Basic Res.
Cardiol. 2013, 108, 356. [CrossRef]

Deswal, A.; Bozkurt, B.; Seta, Y.; Parilti-Eiswirth, S.; Hayes, F.A.; Blosch, C.; Mann, D.L. Safety and efficacy of a soluble P75 tumor
necrosis factor receptor (Enbrel, etanercept) in patients with advanced heart failure. Circulation 1999, 99, 3224-3226. [CrossRef]
Mann, D.L.; McMurray, J.J.; Packer, M.; Swedberg, K.; Borer, ].S.; Colucci, W.S.; Djian, J.; Drexler, H.; Feldman, A.; Kober, L.;
et al. Targeted anticytokine therapy in patients with chronic heart failure: Results of the Randomized Etanercept Worldwide
Evaluation (RENEWAL). Circulation 2004, 109, 1594-1602. [CrossRef]

Chung, E.S.; Packer, M.; Lo, K.H.; Fasanmade, A.A.; Willerson, J.T. Anti-TNF Therapy Against Congestive Heart Failure
Investigators. Randomized, double-blind, placebo-controlled, pilot trial of infliximab, a chimeric monoclonal antibody to tumor
necrosis factor-alpha, in patients with moderate-to-severe heart failure: Results of the anti-TNF Therapy Against Congestive
Heart Failure (ATTACH) trial. Circulation 2003, 107, 3133-3140.

Oikonomou, E.; Siasos, G.; Zaromitidou, M.; Hatzis, G.; Mourouzis, K.; Chrysohoou, C.; Zisimos, K.; Mazaris, S.; Tourikis, P,;
Athanasiou, D.; et al. Atorvastatin treatment improves endothelial function through endothelial progenitor cells mobilization in
ischemic heart failure patients. Atherosclerosis 2015, 238, 159-164. [CrossRef]


https://doi.org/10.1016/j.ijcard.2004.05.030
https://doi.org/10.1007/s11883-017-0660-3
https://doi.org/10.1007/s00059-019-4785-8
https://doi.org/10.4070/kcj.2017.0028
https://doi.org/10.4330/wjc.v6.i8.791
https://doi.org/10.1007/s00395-013-0396-3
https://doi.org/10.1007/s10557-020-07071-0
https://doi.org/10.1093/eurjhf/hfn043
https://doi.org/10.1016/j.ahj.2007.08.013
https://doi.org/10.1016/S0140-6736(98)90017-4
https://doi.org/10.1007/s11897-014-0231-7
https://doi.org/10.3389/fphys.2021.746494
https://doi.org/10.1146/annurev-physiol-021119-034412
https://doi.org/10.1007/s10741-016-9533-z
https://doi.org/10.1136/hrt.2002.007005
https://doi.org/10.1007/s10557-017-6752-z
https://doi.org/10.1007/s10741-013-9405-8
https://doi.org/10.1080/07853890510007232
https://doi.org/10.1016/j.jacc.2020.01.014
https://doi.org/10.3390/ijms222313053
https://doi.org/10.1038/nrcardio.2017.33
https://doi.org/10.1159/000338166
https://doi.org/10.1161/CIRCULATIONAHA.104.508465
https://doi.org/10.1007/s00395-013-0356-y
https://doi.org/10.1161/01.CIR.99.25.3224
https://doi.org/10.1161/01.CIR.0000124490.27666.B2
https://doi.org/10.1016/j.atherosclerosis.2014.12.014

Int. J. Mol. Sci. 2024, 25, 510 15 of 18

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Miré, O.; Takagi, K.; Gayat, E.; Llorens, P.; Martin-Sanchez, FJ.; Jacob, J.; Herrero-Puente, P; Gil, V.; Wussler, D.N.; Richard, E;
et al. CORT-AHF Study: Effect on Outcomes of Systemic Corticosteroid Therapy during Early Management Acute Heart Failure.
JACC Heart Fail. 2019, 7, 834-845. [CrossRef]

Liu, C.; Zhao, Q.; Zhen, Y.; Zhai, ].; Liu, G.; Zheng, M.; Ma, G.; Wang, L.; Tian, L.; Ji, L.; et al. Effect of Corticosteroid on Renal
Water and Sodium Excretion in Symptomatic Heart Failure: Prednisone for Renal Function Improvement Evaluation Study. J.
Cardiovasc. Pharmacol. 2015, 66, 316-322. [CrossRef] [PubMed]

Moroni, E; Golino, M.; Carbone, S.; Trankle, C.; Del Buono, M.G.; Talasaz, A.; Arena, R.; Canada, J.M.; Biondi-Zoccai, G.; Van
Tassel, B.; et al. Interleukin-1 blockade in heart failure: An on-treatment and off-treatment cardiorespiratory fitness analysis. ESC
Heart Fail. 2023, 10, 3199-3202. [CrossRef] [PubMed]

Van Tassell, B.; Mihalick, V.; Thomas, G.; Marawan, A.; Talasaz, A.H.; Lu, J.; Kang, L.; Ladd, A.; Damonte, ].I.; Dixon, D.L.; et al.
Rationale and design of interleukin-1 blockade in recently decompensated heart failure (REDHART2): A randomized, double
blind, placebo controlled, single center, phase 2 study. J. Transl. Med. 2022, 20, 270. [CrossRef] [PubMed]

Everett, B.M.; Cornel, ]. H.; Lainscak, M.; Anker, S.D.; Abbate, A.; Thuren, T.; Libby, P.; Glynn, R.J.; Ridker, PM. Anti-Inflammatory
Therapy with Canakinumab for the Prevention of Hospitalization for Heart Failure. Circulation 2019, 139, 1289-1299. [CrossRef]
[PubMed]

Kobara, M.; Noda, K.; Kitamura, M.; Okamoto, A.; Shiraishi, T.; Toba, H.; Matsubara, H.; Nakata, T. Antibody against interleukin-6
receptor attenuates left ventricular remodelling after myocardial infarction in mice. Cardiovasc. Res. 2010, 87, 424-430. [CrossRef]
[PubMed]

Kleveland, O.; Kunszt, G.; Bratlie, M.; Ueland, T.; Broch, K.; Holte, E.; Michelsen, A.E.; Bendz, B.; Amundsen, B.H.; Espevik,
T.; et al. Effect of a single dose of the interleukin-6 receptor antagonist tocilizumab on inflammation and troponin T release in
patients with non-ST-elevation myocardial infarction: A double-blind, randomized, placebo-controlled phase 2 trial. Eur. Heart J.
2016, 37, 2406-2413. [CrossRef]

Broch, K.; Anstensrud, A.K.; Woxholt, S.; Sharma, K.; Tellefsen, .M.; Bendz, B.; Aakhus, S.; Ueland, T.; Amundsen, B.H.; Damas,
J.K.; et al. Randomized Trial of Interleukin-6 Receptor Inhibition in Patients with Acute ST-Segment Elevation Myocardial
Infarction. J. Am. Coll. Cardiol. 2021, 77, 1845-1855. [CrossRef]

Woxholt, S.; Ueland, T.; Aukrust, P.; Anstensrud, A.K.; Broch, K.; Tellefsen, .M.; Ryan, L.; Bendz, B.; Hopp, E.; Klew, N.E,;
et al. Cytokine pattern in patients with ST-elevation myocardial infarction treated with the interleukin-6 receptor antagonist
tocilizumab. Open Heart 2023, 10, €002301. [CrossRef]

Lim, G.B. Anti-inflammatory therapy for secondary prevention after MI. Nat. Rev. Cardiol. 2020, 17, 70-71. [CrossRef]

Nidorf, S.M.; Fiolet, A.T.L.; Eikelboom, ].W.; Schut, A.; Opstal, T.S.].; Bax, W.A.; Budgeon, C.A.; Tijssen, ].G.P.; Mosterd, A.; Cornel,
J.H.; et al. The effect of low-dose colchicine in patients with stable coronary artery disease: The LoDoCo2 trial rationale, design,
and baseline characteristics. Am. Heart J. 2019, 218, 46-56. [CrossRef] [PubMed]

Klingenberg, R.; Nitschmann, S. Colchicintherapie nach Myokardinfarkt: Colchicine Cardiovascular Outcomes Trial (COLCOT)
[Colchicine treatment after myocardial infarction: Colchicine Cardiovascular Outcomes Trial (COLCOT)]. Internist 2020, 61,
766-769. [CrossRef] [PubMed]

Ridker, PM.; Everett, B.M.; Pradhan, A.; MacFadyen, J.G.; Solomon, D.H.; Zaharris, E.; Mam, V.; Hasan, A.; Rosenberg, Y.;
Iturriaga, E.; et al. Low-Dose Methotrexate for the Prevention of Atherosclerotic Events. N. Engl. J. Med. 2019, 380, 752-762.
[CrossRef] [PubMed]

Gong, K.; Zhang, Z.; Sun, X.; Zhang, X; Li, A.; Yan, J.; Luo, Q.; Gao, Y.; Feng, Y. The nonspecific anti-inflammatory therapy with
methotrexate for patients with chronic heart failure. Am. Heart ]. 2006, 151, 62-68. [CrossRef]

Packer, M.; McMurray, J.J.V.; Krum, H.; Kiowski, W.; Massie, B.M.; Caspi, A.; Pratt, C.M.; Petrie, M.C.; DeMets, D.; Kobrin, L; et al.
Long-Term Effect of Endothelin Receptor Antagonism with Bosentan on the Morbidity and Mortality of Patients with Severe
Chronic Heart Failure: Primary Results of the ENABLE Trials. JACC Heart Fail. 2017, 5, 317-326. [CrossRef]

Kaluski, E.; Cotter, G.; Leitman, M.; Milo-Cotter, O.; Krakover, R.; Kobrin, I.; Moriconi, T.; Rainisio, M.; Caspi, A.; Reizin, L.;
et al. Clinical and hemodynamic effects of bosentan dose optimization in symptomatic heart failure patients with severe systolic
dysfunction, associated with secondary pulmonary hypertension—A multi-center randomized study. Cardiology 2008, 109,
273-280. [CrossRef]

Mylona, P,; Cleland, J.G. Update of REACH-1 and MERIT-HF clinical trials in heart failure. Cardio.net Editorial Team. Eur. J.
Heart Fail. 1999, 1, 197-200. [CrossRef]

Tita, C.; Gilbert, E.M.; Van Bakel, A.B.; Grzybowski, J.; Haas, G.J.; Jarrah, M.; Dunlap, S.H.; Gottlieb, S.S.; Klapholz, M.; Patel, P.C,;
et al. A Phase 2a dose-escalation study of the safety, tolerability, pharmacokinetics and haemodynamic effects of BMS-986231 in
hospitalized patients with heart failure with reduced ejection fraction. Eur. J. Heart Fail. 2017, 19, 1321-1332. [CrossRef]
Mirmiran, P.; Hosseini-Esfahani, F,; Esfandiar, Z.; Hosseinpour-Niazi, S.; Azizi, F. Associations between dietary antioxidant
intakes and cardiovascular disease. Sci. Rep. 2022, 12, 1504. [CrossRef]

Nightingale, A.K,; Crilley, ].G.; Pegge, N.C.; Boehm, E.A.; Mumford, C.; Taylor, D.J.; Styles, P; Clarke, K.; Frenneaux, M.P. Chronic
oral ascorbic acid therapy worsens skeletal muscle metabolism in patients with chronic heart failure. Eur. J. Heart Fail. 2007, 9,
287-291. [CrossRef]


https://doi.org/10.1016/j.jchf.2019.04.022
https://doi.org/10.1097/FJC.0000000000000282
https://www.ncbi.nlm.nih.gov/pubmed/25992918
https://doi.org/10.1002/ehf2.14460
https://www.ncbi.nlm.nih.gov/pubmed/37403287
https://doi.org/10.1186/s12967-022-03466-9
https://www.ncbi.nlm.nih.gov/pubmed/35706006
https://doi.org/10.1161/CIRCULATIONAHA.118.038010
https://www.ncbi.nlm.nih.gov/pubmed/30586730
https://doi.org/10.1093/cvr/cvq078
https://www.ncbi.nlm.nih.gov/pubmed/20211866
https://doi.org/10.1093/eurheartj/ehw171
https://doi.org/10.1016/j.jacc.2021.02.049
https://doi.org/10.1136/openhrt-2023-002301
https://doi.org/10.1038/s41569-019-0323-x
https://doi.org/10.1016/j.ahj.2019.09.011
https://www.ncbi.nlm.nih.gov/pubmed/31706144
https://doi.org/10.1007/s00108-020-00768-2
https://www.ncbi.nlm.nih.gov/pubmed/32103281
https://doi.org/10.1056/NEJMoa1809798
https://www.ncbi.nlm.nih.gov/pubmed/30415610
https://doi.org/10.1016/j.ahj.2005.02.040
https://doi.org/10.1016/j.jchf.2017.02.021
https://doi.org/10.1159/000107791
https://doi.org/10.1016/S1388-9842(99)00022-7
https://doi.org/10.1002/ejhf.897
https://doi.org/10.1038/s41598-022-05632-x
https://doi.org/10.1016/j.ejheart.2006.06.006

Int. J. Mol. Sci. 2024, 25, 510 16 of 18

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Lonn, E.; Bosch, J.; Yusuf, S.; Sheridan, P.; Pogue, J.; Arnold, ].M.; Ross, C.; Arnold, A.; Sleight, P.; Probstfield, J.; et al. Effects
of long-term vitamin E supplementation on cardiovascular events and cancer: A randomized controlled trial. JAMA 2005, 293,
1338-1347. [PubMed]

Effects of Pimobendan on Chronic Heart Failure Study (EPOCH Study). Effects of pimobendan on adverse cardiac events and
physical activities in patients with mild to moderate chronic heart failure: The effects of pimobendan on chronic heart failure
study (EPOCH study). Circ. J. 2002, 66, 149-157. [CrossRef] [PubMed]

Tessone, A.; Feinberg, M.S.; Barbash, L M.; Reich, R.; Holbova, R.; Richmann, M.; Mardor, Y.; Leor, ]. Effect of matrix metallopro-
teinase inhibition by doxycycline on myocardial healing and remodeling after myocardial infarction. Cardiovasc. Drugs Ther. 2005,
19, 383-390. [CrossRef] [PubMed]

Nandi, S.S.; Katsurada, K.; Sharma, N.M.; Anderson, D.R.; Mahata, S.K.; Patel, K.P. MMP9 inhibition increases autophagic flux in
chronic heart failure. Am. J. Physiol. Heart Circ. Physiol. 2020, 319, H1414-H1437. [CrossRef] [PubMed]

Sugano, M.; Tsuchida, K.; Hata, T.; Makino, N. In vivo transfer of soluble TNF-alpha receptor 1 gene improves cardiac function
and reduces infarct size after myocardial infarction in rats. FASEB J. 2004, 18, 911-913. [CrossRef]

Fredman, G.; Kamaly, N.; Spolitu, S.; Milton, J.; Ghorpade, D.; Chiasson, R.; Kuriakose, G.; Perretti, M.; Farokzhad, O.; Tabas, L. Tar-
geted nanoparticles containing the proresolving peptide Ac2-26 protect against advanced atherosclerosis in hypercholesterolemic
mice. Sci. Transl. Med. 2015, 7, 275ra20. [CrossRef]

Barrett, PM.; Topol, E.J. Pharmacogenetics: Point-of-care genetic testing—A new frontier explored. Nat. Rev. Cardiol. 2012, 9,
315-316. [CrossRef]

Jones, D.P,; Patel, J. Therapeutic Approaches Targeting Inflammation in Cardiovascular Disorders. Biology 2018, 7, 49. [CrossRef]
Mann, D.L. Inflammatory mediators and the failing heart: Past, present, and the foreseeable future. Circ. Res. 2002, 91, 988-998.
[CrossRef]

Nidorf, S.M.; Eikelboom, ].W.; Budgeon, C.A.; Thompson, P.L. Low-dose colchicine for secondary prevention of cardiovascular
disease. . Am. Coll. Cardiol. 2013, 61, 404—410. [CrossRef]

Ridker, PM. Targeting inflammatory pathways for the treatment of cardiovascular disease. Eur. Heart . 2014, 35, 540-543.
[CrossRef] [PubMed]

Schumacher, S.M.; Naga Prasad, S.V. Tumor Necrosis Factor-o in Heart Failure: An Updated Review. Curr. Cardiol. Rep. 2018,
20,117. [CrossRef] [PubMed]

Fordjour, PA.; Wang, L.; Gao, H.; Li, L.; Wang, Y.; Nyagblordzro, M.; Agyemang, K.; Fan, G. Targeting BNIP3 in inflammation-
mediated heart failure: A novel concept in heart failure therapy. Heart Fail. Rev. 2016, 21, 489-497. [CrossRef] [PubMed]
Abbate, A.; Van Tassell, B.W.; Biondi-Zoccai, G.G. Blocking interleukin-1 as a novel therapeutic strategy for secondary prevention
of cardiovascular events. BioDrugs 2012, 26, 217-233. [CrossRef] [PubMed]

Van Tassell, B.W.; Toldo, S.; Mezzaroma, E.; Abbate, A. Targeting interleukin-1 in heart disease. Circulation 2013, 128, 1910-1923.
[CrossRef] [PubMed]

Biasucci, L.M.; La Rosa, G.; Pedicino, D.; D’Aiello, A.; Galli, M.; Liuzzo, G. Where Does Inflammation Fit? Curr. Cardiol. Rep. 2017,
19, 84. [CrossRef] [PubMed]

Tousoulis, D.; Drolias, A.; Antoniades, C.; Vasiliadou, C.; Marinou, K.; Latsios, G.; Stefanadi, E.; Gounari, P,; Siasos, G.;
Papageorgiou, N.; et al. Antidepressive treatment as a modulator of inflammatory process in patients with heart failure: Effects
on proinflammatory cytokines and acute phase protein levels. Int. ]. Cardiol. 2009, 134, 238-243. [CrossRef]

Gullestad, L.; Aukrust, P. Review of trials in chronic heart failure showing broad-spectrum anti-inflammatory approaches. Am. J.
Cardiol. 2005, 95, 17-23, discussion 38C—40C. [CrossRef]

Latini, R.; Gullestad, L.; Masson, S.; Nymo, S.H.; Ueland, T.; Cuccovillo, I.; Vardal, M.; Bottazzi, B.; Mantovani, A.; Lucci, D.; et al.
Pentraxin-3 in chronic heart failure: The CORONA and GISSI-HF trials. Eur. |. Heart Fail. 2012, 14, 992-999. [CrossRef]

Jordan, J.E.; Montalto, M.C.; Stahl, G.L. Inhibition of mannose-binding lectin reduces postischemic myocardial reperfusion injury.
Circulation 2001, 104, 1413-1418. [CrossRef]

Perrino, C.; Naga Prasad, S.V.; Patel, M.; Wolf, M.J.; Rockman, H.A. Targeted inhibition of beta-adrenergic receptor kinase-1-
associated phosphoinositide-3 kinase activity preserves beta-adrenergic receptor signaling and prolongs survival in heart failure
induced by calsequestrin overexpression. J. Am. Coll. Cardiol. 2005, 45, 1862-1870. [CrossRef] [PubMed]

Perrino, C.; Schroder, ].N.; Lima, B.; Villamizar, N.; Nienaber, J.J.; Milano, C.A.; Naga Prasad, S.V. Dynamic regulation of
phosphoinositide 3-kinase-gamma activity and beta-adrenergic receptor trafficking in end-stage human heart failure. Circulation
2007, 116, 2571-2579. [CrossRef] [PubMed]

Okamoto, H.; Imanaka-Yoshida, K. Matricellular proteins: New molecular targets to prevent heart failure. Cardiovasc. Ther. 2012,
30, €198-€209. [CrossRef] [PubMed]

Konstam, M.A.; Neaton, J.D.; Dickstein, K.; Drexler, H.; Komajda, M.; Martinez, F A.; Riegger, G.A.; Malbecq, W.; Smith, R.D.;
Guptha, S.; et al. Effects of high-dose versus low-dose losartan on clinical outcomes in patients with heart failure (HEAAL study):
A randomised, double-blind trial. Lancet 2009, 374, 1840-1848. [CrossRef] [PubMed]

SOLVD Investigators; Yusuf, S.; Pitt, B.; Davis, C.E.; Hood, W.B.; Cohn, J.N. Effect of enalapril on survival in patients with reduced
left ventricular ejection fractions and congestive heart failure. N. Engl. |. Med. 1991, 325, 293-302.


https://www.ncbi.nlm.nih.gov/pubmed/15769967
https://doi.org/10.1253/circj.66.149
https://www.ncbi.nlm.nih.gov/pubmed/11999639
https://doi.org/10.1007/s10557-005-5201-6
https://www.ncbi.nlm.nih.gov/pubmed/16435072
https://doi.org/10.1152/ajpheart.00032.2020
https://www.ncbi.nlm.nih.gov/pubmed/33064567
https://doi.org/10.1096/fj.03-1148fje
https://doi.org/10.1126/scitranslmed.aaa1065
https://doi.org/10.1038/nrcardio.2012.63
https://doi.org/10.3390/biology7040049
https://doi.org/10.1161/01.RES.0000043825.01705.1B
https://doi.org/10.1016/j.jacc.2012.10.027
https://doi.org/10.1093/eurheartj/eht398
https://www.ncbi.nlm.nih.gov/pubmed/24204011
https://doi.org/10.1007/s11886-018-1067-7
https://www.ncbi.nlm.nih.gov/pubmed/30259192
https://doi.org/10.1007/s10741-016-9557-4
https://www.ncbi.nlm.nih.gov/pubmed/27112557
https://doi.org/10.1007/BF03261881
https://www.ncbi.nlm.nih.gov/pubmed/22571369
https://doi.org/10.1161/CIRCULATIONAHA.113.003199
https://www.ncbi.nlm.nih.gov/pubmed/24146121
https://doi.org/10.1007/s11886-017-0896-0
https://www.ncbi.nlm.nih.gov/pubmed/28779286
https://doi.org/10.1016/j.ijcard.2008.02.013
https://doi.org/10.1016/j.amjcard.2005.03.008
https://doi.org/10.1093/eurjhf/hfs092
https://doi.org/10.1161/hc3601.095578
https://doi.org/10.1016/j.jacc.2005.02.062
https://www.ncbi.nlm.nih.gov/pubmed/15936620
https://doi.org/10.1161/CIRCULATIONAHA.107.706515
https://www.ncbi.nlm.nih.gov/pubmed/17998459
https://doi.org/10.1111/j.1755-5922.2011.00276.x
https://www.ncbi.nlm.nih.gov/pubmed/21884011
https://doi.org/10.1016/S0140-6736(09)61913-9
https://www.ncbi.nlm.nih.gov/pubmed/19922995

Int. J. Mol. Sci. 2024, 25, 510 17 of 18

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Young, J.B.; Dunlap, M.E,; Pfeffer, M.A ; Probstfield, ].L.; Cohen-Solal, A.; Dietz, R.; Granger, C.B.; Hradec, J.; Kuch, J.; McKelvie,
R.S.; et al. Mortality and morbidity reduction with Candesartan in patients with chronic heart failure and left ventricular systolic
dysfunction: Results of the CHARM low-left ventricular ejection fraction trials. Circulation 2004, 110, 2618-2626. [CrossRef]
Ohtsuka, T.; Hamada, M.; Hiasa, G.; Sasaki, O.; Suzuki, M.; Hara, Y.; Shigematsu, Y.; Hiwada, K. Effect of beta-blockers on
circulating levels of inflammatory and anti-inflammatory cytokines in patients with dilated cardiomyopathy. . Am. Coll. Cardiol.
2001, 37,412-417. [CrossRef]

Zhou, L.; Li, Y; Li, X.; Chen, G.; Liang, H.; Wu, Y,; Tong, J.; Ouyang, W. Propranolol Attenuates Surgical Stress-Induced Elevation
of the Regulatory T Cell Response in Patients Undergoing Radical Mastectomy. J. Immunol. 2016, 196, 3460-3469. [CrossRef]
Angermann, C.E.; Gelbrich, G.; Stork, S.; Fallgatter, A.; Deckert, J.; Faller, H.; Ertl, G.; MOOD-HF Investigators. Rationale
and design of a randomised, controlled, multicenter trial investigating the effects of selective serotonin re-uptake inhibition on
morbidity, mortality and mood in depressed heart failure patients (MOOD-HEF). Eur. J. Heart Fail. 2007, 9, 1212-1222. [CrossRef]
Rizos, I. Three-year survival of patients with heart failure caused by dilated cardiomyopathy and L-carnitine administration. Am.
Heart J. 2000, 139, S120-5123. [CrossRef]

Ding, C.; Hu, X. The effectiveness of L-carnitine treatment on senile congestive heart failure. Chin. J. Gerontol. 2012, 32, 2881-2882.
Jing, Z.C.; Wu, B.X,; Peng, ].Q.; Li, X.L.; Pan, L.; Zhao, S.P,; Li, D.Y.; Yu, Z.X,; Gong, ].B.; Zhao, Q.Y.; et al. Effect of intravenous
l-carnitine in Chinese patients with chronic heart failure. Eur. Heart |. Suppl. 2016, 18, A27-A36. [CrossRef]

Gielen, S.; Adams, V.; Mobius-Winkler, S.; Linke, A.; Erbs, S.; Yu, J.; Kempf, W.; Schubert, A.; Schuler, G.; Hambrecht, R.
Anti-inflammatory effects of exercise training in the skeletal muscle of patients with chronic heart failure. J. Am. Coll. Cardiol.
2003, 42, 861-868. [CrossRef] [PubMed]

Angadi, S.S.; Mookadam, F;; Lee, C.D.; Tucker, W.J.; Haykowsky, M.].; Gaesser, G.A. High-intensity interval training vs. moderate-
intensity continuous exercise training in heart failure with preserved ejection fraction: A pilot study. J. Appl. Physiol. 2015, 119,
753-758. [CrossRef] [PubMed]

Kourek, C.; Briasoulis, A.; Karatzanos, E.; Zouganeli, V.; Psarra, K.; Pratikaki, M.; Alevra-Prokopiou, A.; Skoularigis, J.;
Xanthopoulos, A.; Nanas, S.; et al. The Effects of a Cardiac Rehabilitation Program on Endothelial Progenitor Cells and
Inflammatory Profile in Patients with Chronic Heart Failure of Different Severity. J. Clin. Med. 2023, 12, 6592. [CrossRef] [PubMed]
Baltrtniene, V.; Bironaité, D.; KaZzukauskiené, I.; Bogomolovas, J.; Vitkus, D.; Ru¢inskas, K.; Zurauskas, E.; Augulis, R.;
Grabauskiené, V. The Role of Serum Adiponectin for Outcome Prediction in Patients with Dilated Cardiomyopathy and
Advanced Heart Failure. Biomed. Res. Int. 2017, 2017, 3818292. [CrossRef] [PubMed]

Teplyakov, A.T.; Berezikova, E.N.; Shilov, S.N.; Grakova, E.V.; Torim, Y.Y.; Efremov, A.V.,; Popova, A.A.; Pustovetova, M.G;
Sabirova, A.Y.; Kopyeva, K.V. Role of soluble Fas ligand in myocardial remodeling, severity and outcomes of chronic heart failure.
Ter. Arkh. 2016, 88, 10-16. [CrossRef]

Kinugawa, T.; Kato, M.; Yamamoto, K.; Hisatome, I.; Nohara, R. Proinflammatory cytokine activation is linked to apoptotic
mediator, soluble Fas level in patients with chronic heart failure. Int. Heart J. 2012, 53, 182-186. [CrossRef]

Mehra, M.R.; Lavie, C.J.; Ventura, H.O.; Milani, R.V. Fish oils produce anti-inflammatory effects and improve body weight in
severe heart failure. J. Heart Lung Transplant. 2006, 25, 834-838. [CrossRef]

Moertl, D.; Hammer, A.; Steiner, S.; Hutuleac, R.; Vonbank, K.; Berger, R. Dose-dependent effects of omega-3-polyunsaturated
fatty acids on systolic left ventricular function, endothelial function, and markers of inflammation in chronic heart failure of
nonischemic origin: A double-blind, placebo-controlled, 3-arm study. Am. Heart ]. 2011, 161, e1-€9. [CrossRef]

Heydari, B.; Abdullah, S.; Pottala, J.V.; Shah, R.; Abbasi, S.; Mandry, D.; Francis, S.A.; Lumish, H.; Ghoshhajra, B.B.; Hoffmann,
U.; et al. Effect of Omega-3 Acid Ethyl Esters on Left Ventricular Remodeling After Acute Myocardial Infarction: The OMEGA-
REMODEL Randomized Clinical Trial. Circulation 2016, 134, 378-391. [CrossRef] [PubMed]

Amirpour, A.; Vakhshoori, M.; Zavar, R.; Zarei, H.; Sadeghi, M.; Yavari, B. The Effect of 3-Month Growth Hormone Administration
and 12-Month Follow-Up Duration among Heart Failure Patients Four Weeks after Myocardial Infarction: A Randomized Double-
Blinded Clinical Trial. Cardiovasc. Ther. 2021, 2021, 2680107. [CrossRef] [PubMed]

Adamopoulos, S.; Parissis, ].T.; Paraskevaidis, I.; Karatzas, D.; Livanis, E.; Georgiadis, M.; Karavolias, G.; Mitropoulos, D.;
Degiannis, D.; Kremastinos, D.T. Effects of growth hormone on circulating cytokine network, and left ventricular contractile
performance and geometry in patients with idiopathic dilated cardiomyopathy. Eur. Heart |. 2003, 24, 2186-2196. [CrossRef]
[PubMed]

Gullestad, L.; Aass, H.; Fjeld, ].G.; Wikeby, L.; Andreassen, A.K,; Ihlen, H.; Simonsen, S.; Kjekshus, J.; Nitter-Hauge, S.; Ueland, T.;
et al. Imnmunomodulating therapy with intravenous immunoglobulin in patients with chronic heart failure. Circulation 2001, 103,
220-225. [CrossRef] [PubMed]

McNamara, D.M.; Holubkov, R ; Starling, R.C.; Dec, G.W.; Loh, E.; Torre-Amione, G.; Gass, A.; Janosko, K.; Tokarczyk, T.; Kessler,
P; et al. Controlled trial of intravenous immune globulin in recent-onset dilated cardiomyopathy. Circulation 2001, 103, 2254-2259.
[CrossRef] [PubMed]

Hamid, T.; Guo, S.Z.; Kingery, J.R.; Xiang, X.; Dawn, B.; Prabhu, S.D. Cardiomyocyte NF-kB p65 promotes adverse remodelling,
apoptosis, and endoplasmic reticulum stress in heart failure. Cardiovasc. Res. 2011, 89, 129-138. [CrossRef]

Sliwa, K.; Woodiwiss, A.; Candy, G.; Badenhorst, D.; Libhaber, C.; Norton, G.; Skudicky, D.; Sareli, P. Effects of pentoxifylline
on cytokine profiles and left ventricular performance in patients with decompensated congestive heart failure secondary to
idiopathic dilated cardiomyopathy. Am. |. Cardiol. 2002, 90, 1118-1122. [CrossRef]


https://doi.org/10.1161/01.CIR.0000146819.43235.A9
https://doi.org/10.1016/S0735-1097(00)01121-9
https://doi.org/10.4049/jimmunol.1501677
https://doi.org/10.1016/j.ejheart.2007.10.005
https://doi.org/10.1067/mhj.2000.103917
https://doi.org/10.1093/eurheartj/suw008
https://doi.org/10.1016/S0735-1097(03)00848-9
https://www.ncbi.nlm.nih.gov/pubmed/12957433
https://doi.org/10.1152/japplphysiol.00518.2014
https://www.ncbi.nlm.nih.gov/pubmed/25190739
https://doi.org/10.3390/jcm12206592
https://www.ncbi.nlm.nih.gov/pubmed/37892730
https://doi.org/10.1155/2017/3818292
https://www.ncbi.nlm.nih.gov/pubmed/29318144
https://doi.org/10.17116/terarkh201688910-16
https://doi.org/10.1536/ihj.53.182
https://doi.org/10.1016/j.healun.2006.03.005
https://doi.org/10.1016/j.ahj.2011.02.011
https://doi.org/10.1161/CIRCULATIONAHA.115.019949
https://www.ncbi.nlm.nih.gov/pubmed/27482002
https://doi.org/10.1155/2021/2680107
https://www.ncbi.nlm.nih.gov/pubmed/33552234
https://doi.org/10.1016/S0195-668X(03)00480-9
https://www.ncbi.nlm.nih.gov/pubmed/14659770
https://doi.org/10.1161/01.CIR.103.2.220
https://www.ncbi.nlm.nih.gov/pubmed/11208680
https://doi.org/10.1161/01.CIR.103.18.2254
https://www.ncbi.nlm.nih.gov/pubmed/11342473
https://doi.org/10.1093/cvr/cvq274
https://doi.org/10.1016/S0002-9149(02)02779-0

Int. J. Mol. Sci. 2024, 25, 510 18 of 18

98.

99.

100.
101.

102.
103.

104.

105.

106.

107.

108.

109.

110.

111.

Bahrmann, P; Hengst, U.M.; Richartz, B.M.; Figulla, H.R. Pentoxifylline in ischemic, hypertensive and idiopathic-dilated
cardiomyopathy: Effects on left-ventricular function, inflammatory cytokines and symptoms. Eur. ]. Heart Fail. 2004, 6, 195-201.
[CrossRef]

Wallner, M.; Eaton, D.M.; Berretta, R.M.; Liesinger, L.; Schittmayer, M.; Gindlhuber, J.; Wu, ]J.; Jeong, M.Y,; Lin, Y.H.; Borghetti, G.;
et al. HDAC inhibition improves cardiopulmonary function in a feline model of diastolic dysfunction. Sci. Transl. Med. 2020, 12,
eaay7205. [CrossRef]

Medzhitov, R. Origin and physiological roles of inflammation. Nature 2008, 454, 428-435. [CrossRef]

Khaper, N.; Bryan, S.; Dhingra, S.; Singal, R.; Bajaj, A.; Pathak, C.M.; Singal, P.K. Targeting the vicious inflammation-oxidative
stress cycle for the management of heart failure. Antioxid. Redox Signal. 2010, 13, 1033-1049. [CrossRef] [PubMed]
Trachtenberg, B.H.; Hare, ].M. Inflammatory Cardiomyopathic Syndromes. Circ. Res. 2017, 121, 803-818. [CrossRef] [PubMed]
Moreira, D.M.; Vieira, ].L.; Gottschall, C.A. The effects of METhotrexate therapy on the physical capacity of patients with ISchemic
heart failure: A randomized double-blind, placebo-controlled trial (METIS trial). J. Card. Fail. 2009, 15, 828-834. [CrossRef]
Deftereos, S.; Giannopoulos, G.; Papoutsidakis, N.; Panagopoulou, V.; Kossyvakis, C.; Raisakis, K.; Cleman, M.W.; Stefanadis, C.
Colchicine and the heart: Pushing the envelope. |. Am. Coll. Cardiol. 2013, 62, 1817-1825. [CrossRef] [PubMed]

McKinsey, T.A. Targeting inflammation in heart failure with histone deacetylase inhibitors. Mol. Med. 2011, 17, 434—441. [CrossRef]
[PubMed]

Rogers, ] K.; Jhund, PS.; Perez, A.C.; Bohm, M.; Cleland, ].G.; Gullestad, L.; Kjekshus, J.; van Veldhuisen, D.J.; Wikstrand, J.;
Wedel, H; et al. Effect of rosuvastatin on repeat heart failure hospitalizations: The CORONA Trial (Controlled Rosuvastatin
Multinational Trial in Heart Failure). JACC Heart Fail. 2014, 2, 289-297. [CrossRef] [PubMed]

Tavazzi, L.; Maggioni, A.P.; Marchioli, R.; Barlera, S.; Franzosi, M.G.; Latini, R.; Lucci, D.; Nicolosi, G.L.; Porcu, M.; Tognoni,
G.; et al. Effect of rosuvastatin in patients with chronic heart failure (the GISSI-HF trial): A randomised, double-blind, placebo-
controlled trial. Lancet 2008, 372, 1231-1239. [PubMed]

Dick, S.A.; Epelman, S. Chronic Heart Failure and Inflammation: What Do We Really Know? Circ. Res. 2016, 119, 159-176.
[CrossRef]

Paraskevaidis, I.; Farmakis, D.; Papingiotis, G.; Tsougos, E. Inflammation and Heart Failure: Searching for the Enemy—Reaching
the Entelechy. J. Cardiovasc. Dev. Dis. 2023, 10, 19. [CrossRef]

Vakhshoori, M.; Nemati, S.; Sabouhi, S.; Yavari, B.; Shakarami, M.; Bondariyan, N.; Emami, S.A.; Shafie, D. Neutrophil to
lymphocyte ratio (NLR) prognostic effects on heart failure; a systematic review and meta-analysis. BMC Cardiovasc. Disord. 2023,
23,555. [CrossRef]

Buonacera, A.; Stancanelli, B.; Colaci, M.; Malatino, L. Neutrophil to Lymphocyte Ratio: An Emerging Marker of the Relationships
between the Immune System and Diseases. Int. J. Mol. Sci. 2022, 23, 3636. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ejheart.2003.09.005
https://doi.org/10.1126/scitranslmed.aay7205
https://doi.org/10.1038/nature07201
https://doi.org/10.1089/ars.2009.2930
https://www.ncbi.nlm.nih.gov/pubmed/20380580
https://doi.org/10.1161/CIRCRESAHA.117.310221
https://www.ncbi.nlm.nih.gov/pubmed/28912184
https://doi.org/10.1016/j.cardfail.2009.06.439
https://doi.org/10.1016/j.jacc.2013.08.726
https://www.ncbi.nlm.nih.gov/pubmed/24036026
https://doi.org/10.2119/molmed.2011.00022
https://www.ncbi.nlm.nih.gov/pubmed/21267510
https://doi.org/10.1016/j.jchf.2013.12.007
https://www.ncbi.nlm.nih.gov/pubmed/24952697
https://www.ncbi.nlm.nih.gov/pubmed/18757089
https://doi.org/10.1161/CIRCRESAHA.116.308030
https://doi.org/10.3390/jcdd10010019
https://doi.org/10.1186/s12872-023-03572-6
https://doi.org/10.3390/ijms23073636
https://www.ncbi.nlm.nih.gov/pubmed/35408994

	Introduction 
	Mechanisms of Heart Failure and the Role of Inflammation 
	Prognostic Biomarkers in Heart Failure 
	Anti-Inflammatory Treatment Strategy 
	Discussion 
	Conclusions 
	References

