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Abstract

Cardiovascular disease is the leading cause of morbidity and mortality world-wide. Recently, 

the role of inflammation in the progression of diseases has significantly attracted considerable 

attention. In addition, various comorbidities, including diabetes, obesity, etc. exacerbate 

inflammation in the cardiovascular system, which ultimately leads to heart failure. Furthermore, 

cytokines released from specialized immune cells are key mediators of cardiac inflammation. 

Here, in this review article, we focused on the role of selected immune cells and cytokines 

(both pro-inflammatory and anti-inflammatory) in the regulation of cardiac inflammation and 

ultimately in cardiovascular diseases. While IL-1β, IL-6, TNFα, and IFNγ are associated with 

cardiac inflammation; IL-10, TGFβ, etc. are associated with resolution of inflammation and 

cardiac repair. IL-10 reduces cardiovascular inflammation and protects the cardiovascular system 

via interaction with SMAD2, p53, HuR, miR-375 and miR-21 pathway. In addition, we also 

highlighted recent advancements in the management of cardiac inflammation, including clinical 

trials of anti-inflammatory molecules to alleviate cardiovascular diseases.
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Introduction

Despite significant therapeutic advances, the highest rate of morbidity and mortality is 

observed due to cardiovascular diseases both in developed and developing countries, 

therefore, it is necessary to evaluate additional treatment options to manage cardiovascular 

diseases that are often associated with inflammation. Interestingly, inflammation is a normal 

reparative response to tissue injury and is a critical factor in the body’s ability to heal 

itself or to fight off infection (1–4), which involves the activation of leukocytes and is 

mediated, in part, by a family of cytokines and chemokines. Although self-limiting acute 

cardiovascular inflammation is meant to resolve the adverse cardiac injury, unrestrained 

chronic inflammation can cause severe tissue damage if not resolved as soon as the 

tissue repair process is completed (5–8). Experimental evidence suggests that inflammation 

plays a critical role in the progression of cardiovascular diseases, including myocardial 

infarction (9, 10), hypertension (11), atherosclerosis (12, 13), and hypertrophic heart failure 

(14, 15). Furthermore, a robust association exists between metabolic preconditioning and 

cardiovascular diseases (16, 17). Epidemiologic associations relating inflammation with 

obesity and diabetes have been reported since the 1960s, when concentrations of circulating 

fibrinogen and other acute-phase reactants were shown to be elevated in these conditions 

(18, 19). Framingham study has drew our attention to the increased incidence of heart 

failure in diabetic patients independent of age, coronary disease, hypertension, and body 

mass index (20). Furthermore, an increase in hemoglobin A1C (HbA1c) level enhances 

the risk of heart failure significantly in non-diabetic patients, which suggests that chronic 
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hyperglycemia in pre-diabetic population increases the probability of heart failure (21). In 

addition to diabetes, obesity also increases cardiovascular risk and is mostly associated 

with an increase in reactive oxygen species and inflammation (22, 23). Cardiovascular 

inflammation is often associated with an increase in the level of inflammatory cytokines, 

including IL-1β (24, 25), IL-6 (25, 26) and TNFα (27, 28) secreted from resident and 

infiltrating immune cells with a parallel decrease of anti-inflammatory cytokines, including 

IL-10 and TGFβ (29). Although immune cells are key drivers, inflammatory cytokines 

are also produced by cardiac cells, including cardiomyocytes (30–32), cardiac fibroblasts 

(33, 34), and endothelial cells (35, 36) following ischemic or hypertrophic stress. Despite 

inflammation at the cellular and systemic levels in cardiovascular diseases, the heart has 

inherent and endogenous mechanisms to reduce inflammation. Either reducing the level 

of pro-inflammatory mediators or augmenting the level of anti-inflammatory mediators 

would reduce cardiac inflammation and improve cardiac function following hypertrophic or 

ischemic stress (14, 37).

Though numerous studies have proven the association of inflammation in cardiovascular 

diseases (38, 39), a standalone anti-inflammatory medicine regimen is not available to 

manage inflammation and alleviate cardiovascular diseases which could be due to multiple 

etiologies involved in cardiovascular diseases. Therefore, introducing anti-inflammatory 

therapy early in cardiovascular diseases to balance the healing response would be 

beneficial. Interestingly, several recombinant antibodies and medicines inhibit cardiac 

inflammation and improve cardiac function in animal models and patients (24, 39–42). 

These immune-modulatory substances can be used with standard of care medicines 

to alleviate cardiovascular diseases. In the later sections, we discuss a few important 

pharmacological targets to manage cardiovascular inflammation.

1. Inflammation in cardiovascular and metabolic diseases

Multiple diseases are associated with inflammation, including diabetes, obesity, and 

even general infection. In addition, inflammation is also increased in both acute and 

chronic cardiac diseases, such as myocardial infarction and hypertrophic heart failure. In 

addition, inflammatory mediators, such as TNFα, IL-1β, IL6, PAI-1, CRP, adiponectin, 

etc. are involved in the chronic inflammatory response and promote lipid accumulation 

with consequent development of atherosclerosis and cardiovascular diseases (43). In the 

following sections, we will discuss the contribution of inflammation in the progress of 

various cardiovascular and associated diseases.

1.1 Inflammatory signaling in diabetics and its impact on cardiovascular 
diseases—Diabetes is a prime risk factor for cardiovascular diseases. In the USA, 

diabetic adults experience two to four times higher mortality rate due to heart diseases 

and stroke as compared to non-diabetic patients. In diabetes, mortality is mostly associated 

with left ventricular dysfunction, atherosclerosis, coronary heart disease, or hypertension 

(6). Diabetic cardiomyopathy is defined as a disorder of the heart muscle caused by 

diabetes. The exact cellular events involved during diabetic cardiomyopathy are complex 

and remain unclear. In mice diabetic cardiomyopathy models, an impairment of systolic, 

diastolic, and cardiac performance are reported (6, 44). Diabetes has long been considered 
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as a state of chronic, low-level inflammation. Recent evidence suggests that immune cell 

activation precedes insulin resistance in diabetic condition and may play an important 

role in the progression of cardiovascular diseases (44). Streptozotocin-induced diabetes 

is associated with an increase in the level of inflammatory cytokines, including TNFα 
and IL-1β in the heart. In addition, streptozotocin enhances cardiac remodeling and 

fibrosis as shown by increased expression of MMP9 and collagens (6). These data suggest 

that diabetic cardiomyopathy is associated with inflammation and fibrosis that hampers 

cardiac function. The level of potent vasodilators (like NO) decreases while the level 

of endothelin-1, a vasoconstrictor, increases in the patients with metabolic syndrome 

(45). These physiological changes are associated with the release of pro-inflammatory 

cytokines (46, 47). Dysregulated pro-inflammatory cytokines production exacerbates tissue 

injury by a variety of mechanisms including leukocyte recruitment, ROS production, 

mitochondrial dysfunction, fibrosis, and cell death. Diabetic mice exhibit contractile 

dysfunction, reduced ejection fraction and an increase in left ventricular end-diastolic 

pressure (48). Furthermore, oxidative stress, nitrosative stress, fibrosis, and apoptosis 

are increased in diabetic myocardium (48). Ares-Carrasco et al. studied the effect of 

diabetes together with hypertension in the progress of cardiac inflammation, apoptosis, 

and fibrosis. Streptozotocin-mediated short-term (6 weeks) activation of diabetic signaling 

in spontaneously hypertensive (SH) rats induces inflammation and apoptosis in the heart 

(49). Furthermore, the long-term streptozotocin treatment (22 weeks) increases cardiac 

fibrosis in the heart of SH rat. These data confirm that cardiac inflammation and apoptosis 

precede cardiac hypertrophy and fibrosis; therefore, blocking inflammation at the early 

stage may ameliorate cardiac remodeling (49). In the study by Ares-Carrasco et al., 

diabetes and hypertension caused cardiomyopathy independently and induction of diabetes 

in hypertensive animals had the only additive, but no significant effect on the cause of 

cardiopathy (49). Overall, diabetes increases cardiac inflammation and induces cardiac 

dysfunction. Novel strategies to reduce hyperglycemia-mediated inflammatory signaling 

would be a potential approach to ameliorate cardiac dysfunction in diabetic patients.

1.2 Obesity-induced inflammatory signaling and its impact on 
cardiovascular diseases—The prevalence of obesity is increasing worldwide and lately 

it has become a major public health issue due to its association with many comorbidities, 

such as diabetes, hypertension, dyslipidemia, etc. In the past decades, a dramatic increase 

in obesity has occurred both in children and adults world-wide. Obese MI patients exhibit 

a higher degree of systemic inflammation characterized by an increase in inflammatory 

cytokines (TNFα, IL-1β, IL-6, IL-8, IL-12, MCP-1), but a decrease in the level of IL-10 

compared to non-obese MI patients. This suggests that there is a correlation between 

obesity and inflammation, including cardiac inflammation (50). Recently, the association 

of obesity with inflammation is a prime area of investigation. Obesity, mostly with visceral 

fat deposition, is associated with both systemic and cardiovascular low-grade inflammation, 

which results in a significant increase in morbidity and mortality due to cardiovascular 

diseases (11, 22, 23, 50–52). Obesity-associated systemic inflammation may be responsible 

for an increase in blood pressure as well. There is a strong correlation between obesity, and 

the level of IL-6 and CRP (53). IL-6 activates CRP production in the liver, suggesting, how 

cytokines regulate inflammation (54). IL-6 is also associated with increases in both systolic 

Goswami et al. Page 4

Pharmacol Res. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and diastolic blood pressure (53). Regardless of the mechanisms involved, weight loss in 

obese individuals reduces inflammation and lowers blood pressure (53, 55). Furthermore, a 

low IL-10 level is observed in the serum of obese women with metabolic syndrome (56) 

suggesting systemic inflammation in these populations. In addition, the level of IL-10 is 

decreased, but the level of IL-6 is increased in the serum of HFD (12 weeks)-induced obese 

mice (22). High-fat diet also induces fibrosis in the left atrium of WT and IL-10 knockout 

mice with a higher degree of atrial fibrosis in IL-10 KO mice (22). The levels of monocytes 

and macrophages increase in the left atrium of obese and IL-10 KO mice with a parallel 

increase in the levels of IL-1β and TNFα (22). The degree of monocyte and macrophage 

infiltration and release of pro-inflammatory cytokines are more in the atrium of obese IL-10 

KO mice compared to their WT counterpart. In addition, the level of atrial MCP-1 increases 

in the atrium of obese IL-10 KO mice, but not in WT mice. IL-10 treatment decreases 

TGFβ level, but increases adiponectin level in the epicardial and pericardial tissue in IL-10 

KO mice with a parallel decrease in monocyte infiltration and pro-inflammatory cytokines 

(IL-1β, TNFα and MCP-1) expression in the atrium (22). These data suggest, how managing 

inflammation can reduce cardiac hypertrophy and remodeling in obese patients (22, 23). 

These research support the notion that obesity-induced cardiac inflammation is detrimental 

to cardiac function. Thus, managing inflammation along with visceral fat would be a good 

strategy to reduce cardiovascular complications in obese patients.

1.3 Inflammation in Myocardial Infarction and Repair—Myocardial infarction 

(MI) is a pathological condition, where cardiac muscle cells die due to obstruction in 

blood flow to the heart muscle, generally, due to blockage of coronary arteries. The levels 

of TNFα, GMCSF, GCSF, MCSF, IFNα, and IFNβ increase in plasma of the patients 

with acute myocardial infarction (57). Neutrophils, macrophages, and mast cells mediate 

acute cardiac inflammation by releasing pro-inflammatory cytokines during myocardial 

infarction (58). Infiltration of neutrophils increases within 24 hrs. at the infarct site following 

MI, which releases IL-1β via the alarmin (S100A8/9)-TLR4-inflammasome pathway. The 

IL-1β via its interaction with receptor 1 on hematopoietic stem and progenitor cell, 

stimulates granulopoiesis which impairs cardiac function (59). Apart from production of 

cytokines, mast cells also release histamine which activates local cardiac inflammation 

following MI (58). In addition, macrophages also play a critical role in the regulation 

of inflammation following MI by releasing inflammatory and anti-inflammatory cytokines 

(60–62). For example, the pro-inflammatory macrophages are predominant in the heart 

1–3 days after MI and release pro-inflammatory mediators, including GMCSF, IFN-γ, 

TNF-α and IL-1β, while anti-inflammatory macrophages predominate the heart 5–10 

days after MI and promote the tissue repair by releasing IL-10 (anti-inflammatory), 

VEGF (angiogenic), and TGF-β1 (fibrotic) (60). Macrophages are polarized to different 

states i.e. pro-inflammatory vs anti-inflammatory via different cytokines. While IFNγ 
and GMCSF are pro-inflammatory mediators; cytokines, such as IL-4, IL-10, IL-13, and 

TGFβ1, are anti-inflammatory mediators of macrophage polarization (60). Apart from 

resident macrophages in the heart, remote monocytes also regulate cardiac inflammation 

following MI. Ly6Chigh monocytes differentiate to the inflammatory macrophages in a 

CCR2 dependent manner, while Ly6Clow monocytes differentiate to the anti-inflammatory 

macrophages via a CX3CR1 dependent manner following acute cardiac stress (60). Study 
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by Jung et al (61) and Yang et al (62) demonstrated how IL-10 alleviates cardiac 

inflammation and dysfunction via polarizing macrophages to anti-inflammatory phenotype. 

In short, the pro-inflammatory macrophages dominate infarcted area following MI, but anti­

inflammatory macrophages prevail the infarcted area during healing phase with a parallel 

increase in the level of IL-10 (62). Similarly, the treatment with IL-10 following MI in 

mice improved cardiac repair and function due to polarization of macrophages to an anti­

inflammatory phenotype (61). In addition to macrophages and neutrophils, the infiltration 

of T-cell, including cytotoxic CD8+ T-cell and CD4+ helper T-cell, increase in ischemic 

and hypertrophic failing hearts. Depletion of CD4+ T-cells via antibody treatment reduces 

the severity of heart failure following MI, whereas adoptive transfer of splenic CD4+ cells 

(along with CD3+ T cells) causes fibrosis and hypertrophy in healthy mice (63). Hypoxia 

and reperfusion are also known to promote the release of inflammatory cytokines from 

leukocytes, including macrophages and neutrophils, during myocardial infarction (10, 64, 

65). Treatment with IL-1β antibody reduces incidence of MI and angina in atherosclerosis 

patients (66) recommending inflammation would alleviate cardiovascular disease. Overall 

infiltration of different immune cells which release cytokines following MI drives cardiac 

remodeling. Thus, strategies to reduce immune cells from infiltrating the heart or reducing 

their activation in the failing heart could be a potential therapeutic strategy to manage 

ischemic heart injury.

1.4 Inflammation in Cardiac Hypertrophy and Remodeling—Cardiac hypertrophy 

and remodeling are characterized by increased cardiomyocytes size and fibrosis, which 

ultimately lead to heart failure. Recent studies suggest important roles of immune cells 

and inflammatory signaling in the progress of non-ischemic heart failure in patients (67). 

Recruitment of leukocytes into the myocardium is responsible for hypertrophic cardiac 

remodeling (68). Minimizing recruitment of monocytes in the heart reduces chronic 

remodeling following chronic stress. MCP-1 gene deletion (69) or administration of 

MCP-1 neutralizing antibody (70) inhibits chronic hypertrophic cardiac remodeling. IFNγ+ 

T cells (Th1)-bind to cardiac fibroblast via integrin α4 to induce TGFβ suggesting a 

coordinated role of cytokines (IFNγ) and immune cells (T-cell) in cardiac fibrosis (67). 

As expected, genetic deletion of TCR-α ameliorates cardiac fibrosis and heart failure 

(67). In the myocardium, TAC-induced reactive oxygen species increase the isolevuglandin 

(IsoLGs)-modified cardiac proteins level, which help in the proliferation of T-cells via 

activation of T-cell receptors. Intriguingly, administration of IsoLGs scavenger minimizes 

T-cell proliferation and thus ameliorates cardiac dysfunction suggesting the contribution 

of ROS-mediated activation of T-cells in impaired cardiac function following TAC (71). 

Interestingly, microbiomes, via their metabolites, regulate cardiac remodeling in a T-cell 

dependent manner (72). The expression of pro-inflammatory cytokines (IL-1α, IL-2, IL-6, 

TNFα, etc.) increase in the patients with dilated cardiomyopathy (57). We have previously 

shown that pro-inflammatory cytokines (IL-1β and TNFα) expression were increased in 

the isoproterenol (ISO)-treated cardiomyocytes and IL-10 treatment significantly reduced 

the levels of these cytokines via STAT-3-mediated NF-κB inhibition (14) (Figure 1). In a 

nutshell, infiltration of inflammatory cells and pro-inflammatory cytokines play important 

role in the progress of hypertrophic cardiac remodeling and thus use of anti-inflammatory 

therapies, such as IL-10, may improve cardiac function.
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2. Inflammation in the aging heart

Inflammaging is characterized by chronic low-grade sterile inflammation in the aged 

people. It is associated with mitochondrial dysfunction, low-grade endotoxinemia, metabolic 

inflammation, gut dysbiosis, immune cell senescence, genomic instability etc. and ultimately 

leads to age-related chronic diseases such as heart disease (73–75). During aging, many 

factors/by-products including metabolites, altered proteins, mitochondrial DNA, micro 

RNAs, immune cells and cytokines are released, which trigger inflammation (73, 76–

78). In the heart, inflammaging is associated with many cardiovascular diseases, such as 

atherosclerosis, high blood pressure and hypertrophic cardiac remodeling (79). Different 

immune cells are involved in the progress of inflammation in the aging, including 

neutrophils, macrophages, dendritic cells, B-cells, and T-cells (73–75, 80–83). However, 

role of only monocytes/macrophages and T-cells are largely studied in the inflammaging of 

heart.

With an increase in age, the level of resident anti-inflammatory macrophages 

(F4/80+CD206+) decreases in heart, while the level of monocyte-derived pro-inflammatory 

macrophages (F4/80+CD206−) increases (84, 85). The level of MCP-1, which regulates 

macrophage recruitment, increases in the left ventricle of the aged mice along with MMP-9, 

which is expressed by macrophages and is responsible for cardiac hypertrophy and fibrosis 

(83). MMP9 and MCP-1 are plasma biomarker of cardiac aging in mice and their role 

in cardiac aging in human should be studied (83). The level of inflammatory markers 

released by macrophages, including TNFα, that are associated with cardiac inflammation, 

increase in the plasma of aged mice (83). The plasma levels of MCP-1, MCP-2, and MIP-2, 

which correlate with left ventricular end-diastolic dimensions, also increase in the aged 

mice (83). Genetic deletion of MMP9 increases the level of anti-inflammatory macrophages 

in aged mice heart (85) and ameliorates myocardial fibrosis and diastolic dysfunction 

in aged mice (86). Interestingly, treatment with atorvastatin, a lipid lowering medicine, 

decreases MMP9 level and minimizes increase in the left ventricle thickness, diameter of 

cardiomyocytes, collagen deposition, and type I/III collagen ratio in aged rats (87). In the 

similar line, overexpression of MMP9 in macrophage augments ventricular hypertrophy, 

vessel rarefaction, inflammation and cardiac fibrosis in the aged mice (88). These data 

suggest the role of macrophage-derived MMP9 in the pathogenesis of cardiac aging. Genetic 

deletion of MMP28, which polarizes macrophages towards anti-inflammatory phenotype, 

increases the level of MMP9 in the aged left ventricle and augments inflammation (89). The 

expression of genes responsible of inflammatory response decreases while the level of genes 

responsible for fibrosis increases in the cardiac macrophages of aged mice, suggesting how 

macrophages play crucial role in inflammaging of heart (90).

T-cells are most studied immune cells in the context of cardiac inflammaging. When CD4+ 

T cells from older persons are activated in vitro, these cells demonstrate inflammatory 

Th17 phenotype with mitochondrial dysfunction and defects in autophagy. Metformin 

treatment normalizes the Th17 phenotype to a healthy CD4+ T cell phenotype found in 

young people with improving mitochondrial function and ameliorating autophagy defects 

(91). Inhibition of ROS production minimizes Th17 profile, suggesting an interplay of 

mitochondrial stress, oxidative stress and Th17 in inflammaging. It would be interesting to 
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see if metformin reduces cardiac inflammation in humans and its effect on other immune 

cells, including monocytes/macrophages. A shorter telomere length is observed in the 

aged population and a shorter leukocyte telomere length is a risk factor for coronary 

heart disease (92) suggesting a link between old age, abnormal leukocyte production and 

heart disease. Dendritic cells from lymph nodes and spleen of aged mice are found to 

be activated and promote Th1 (releasing IFNγ) and Th17 (releasing IL-17) phenotype of 

CD4+ T cells. Activated dendritic cells transplantation from old mice to young mice, 7 

days before heart transplantation, reduces the chances of allograft survival. Interestingly, 

senolytics (dasatinib+quercetin) inhibits dendritic cells activation and thus reduces Th1/

Th17 immunogenicity, resulting in prolonged cardiac allograft survival (75). The level of 

effector memory and terminally differentiated CD4+ T-cells are increased in the blood of 

aged humans and mice. In contrast, the level of naive CD4+ T-cells is reduced in the aged 

people (80). Transplantation of senescent like human CD4+ T-cells into immunodeficient 

NSG-DR1 mice increases cardiac inflammation and fibrosis with a parallel increase in 

inflammatory signaling pathways, including cytokine-cytokine receptor interaction, IL-17 

signaling pathway, chemokine signaling pathway, NOD-like receptor signaling pathway, 

TNF signaling pathway, complement and coagulation cascade, etc. (80). Transfer of human 

T-cells into the mice also increases the infiltration of monocytes, macrophages and dendritic 

cells in the mice heart suggesting how T-cells orchestrate immune cell infiltration and 

inflammation (80). These lines of research suggest the extensive role of immune cells, 

including T-cells and dendritic cells, in cardiac inflammaging and the immune cell-based 

approach may be a good option to manage inflammaging in the heart.

3. Regulators of cardiac inflammation and its resolution:

Cardiac inflammation is mediated and resolved by various enzymes, hormones, immune 

cells, cytokines, receptors, etc. Even if inflammation is governed by multiple factors, 

generally, the degree of inflammation is characterized by the level of immune cells in 

the inflamed area and quantifying the level of pro-inflammatory and anti-inflammatory 

cytokines in the tissue or in systemic circulation. Here, we discuss various immune cells and 

cytokines released by these cells that affect cardiac inflammation and its resolution.

3.1 Immune cells—The immune cells involved in the myocardial inflammation are 

neutrophils, monocytes/macrophages, eosinophils, mast cells, natural killer cells, T cells, 

and B cells (93, 94). Immune cells infiltrate in the heart in disease or pathological condition 

and release cytokines to initiate repair process (95). White blood cells can be classified as 

innate immune cells and adaptive immune cells based on the mechanisms of their action 

(96).

3.1.1 Innate immune cells: Innate immune cells are involved in rapid response, while 

adaptive immune cells are involved in slow response (97). Monocytes/ macrophage, 

mast cells, dendritic cells, natural killer cells and granulocytes (neutrophils, eosinophil 

and basophils) are considered as innate immune cells without antigen specificity (97). 

Innate immune cells infiltrate heart after MI to increase or resolute inflammation via 

releasing cytokines. For example, infiltration of CD45+ leukocytes (WBC) increase in 

the myocardium (95) following myocardial infarction which involves inflammation as 
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discussed earlier. The number of Ly-6Chigh positive monocytes, which are pro-inflammatory, 

phagocytic and proteolytic, increases in the heart gradually and peaks on 3rd day and 

deceases gradually and normalized by 7th day after MI. However, the number of Ly-6Clow 

positive monocytes, which are anti-inflammatory, pro-angiogenic and reparative, increases 

in the heart gradually after 2 days of MI and peaks on 7th day after MI (98). Following MI, 

the levels of various leukocytes, including macrophage, dendritic cell, NK cells, increase 

in the heart till 7th day and decrease by 14th day though the levels of leukocytes are still 

higher than baseline level (95). The inflammatory genes expression (IL-1β, IL-6, NOS2 

etc.) increases in the macrophages one day post-MI, in contrast, the level of IL-10 increases 

in the macrophages following 7 days of MI and remains increased till 14-day post-MI 

(95). This suggests that pro-inflammatory macrophages, expressing inflammatory cytokine, 

predominate at the injury site immediately after MI, while anti-inflammatory macrophages, 

expressing anti-inflammatory cytokines, predominate during the reparative phage of the 

cardiac inflammation (95). The expression of TLR4, which regulates inflammation, and 

co-stimulation molecule (CD80) increase in the macrophages isolated from heart, 1 day 

after MI (95). In addition, the expression of inflammasome gene (Pycard) and chemokine 

receptors (CCR2 and CXCR7), increase in the resident macrophages, 1–3 days post-MI. 

These studies demonstrate how cardiac macrophages mediate inflammation via TLR4, 

inflammasome, cytokines, and chemokines following MI (95). The traditional classification 

of macrophage is based on the cytokines released by macrophages in vitro and in vivo. 

Though the role of macrophages in initiation and resolution of cardiac inflammation is 

established, the classification of macrophages needs to be extended beyond traditional pro­

inflammatory and anti-inflammatory phenotypes (99). The ratio of macrophage to leukocyte 

increases in the heart 3 days following MI and remains increased till 14th, suggesting 

important role of macrophages in initiation and resolution of inflammation in the heart (95). 

Neutrophils can convert Pro-IL-1β to IL-1β via releasing proteases. Thus, neutrophils can 

induce cardiac inflammation. In addition, neutrophils can destroy cardiac tissue via releasing 

myeloperoxidase. The ratio of neutrophil to leukocyte is higher in heart 1 day after MI, but 

decreases till 14th days after MI. This suggest that neutrophils first arrive at the injury site, 

before macrophages, following MI which initiates inflammation, but the level of neutrophils 

decreases over time along with resolution of cardiac inflammation (95).

3.1.2 Adaptive immune cells: Lymphocytes [B-cells and T-cells (CD4+ T-cell and CD8+ 

T-cells)] are considered as adaptive/acquired immune cells with characteristic antigen 

specificity and immunogenic memory (97). In contrast, Natural Killer (NK) cells lack 

antigen specificity, therefore, are considered as both innate and adaptive immune cells 

(80). Growing body of evidence advocates the contribution of adaptive immune response in 

the progress of cardiovascular diseases. After activation, B-cells generate antibody, which 

induces myocardial cell apoptosis, and increases expression of proinflammatory cytokines, 

including IL-1, IL-6 and TNFα (100). In addition, B-cells activates T-cells which ultimately 

can cause cardiac injury as described in preceding sections (100). Following MI, the level of 

B-cells in the heart increases gradually till 7th day and then decreases by 14th days though 

the level of cardiac B cells on 14th day post-MI is still higher than baseline. B-cells can 

also promote resolution of inflammation via releasing IL-10 in the pericardial adipose tissue 

following acute myocardial infarction (101). Therefore, management of B-cell mediated 
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regulation of inflammation could be a therapeutic strategy to regulate heart failure. T-cells, 

on the other hand, are well studied in cardiac inflammation as discussed in previous section. 

The CD4 T helper cells such as Th1 cell (releases IFNγ which activates monocytes) and 

Th17 (releasing IL-17) cells induce cardiac inflammation. Further, the level of CD4+T 

helper cells, CD8+T cytotoxic cells, and γδT-cells is gradually increased in the heart till 

7th day post-MI (95). The levels of Th1 and Treg cells also increase in the myocardium of 

heart 3 days following infarction and remain higher till 14th days. Similarly, the levels of NK 

and NKT cells increase in the heart 3 days following MI and gradually increase till 7th day. 

After 7th day, the level of these cells decrease by 14th day, but the level remains higher than 

baseline. These observations suggest how T cells and NK cells are associated with cardiac 

inflammation (95).

3.1.3 Platelets: Though the role of platelets in thrombosis (102), heart failure (103) and 

cardiac inflammation (104) has been known for a long time, the immunogenic property 

of the platelets and its interaction with other immune cells are realized lately (105–107). 

Platelets interact with cardiac cells and other immune cells via platelet adhesion molecules 

(P-selectin, PSGL-1, CD154/CD40L, ICAM-2, etc.) and surface receptors (TLRs and 

chemokine receptors) (105). Platelets express a variety of CC chemokine (CCR1–10) and 

CXC chemokine receptors (CXCR1–5 and others), and release various chemokine (CXCL4) 

and cytokines, including IL-1β and IL-8 (have neutrophil chemotactic activity) (105). 

ICAM-2 is involved in the recruitment of leukocytes, including neutrophils, by platelets 

and sialylation of the ICAM-2 impairs adhesion of leukocytes (108, 109). Platelets interact 

with monocytes (110–112), T-cells (113) and eosinophils (114) via RANTES. Another 

cytokine, IL-8, released by platelets activates neutrophils (115) to mediate innate immune 

reaction. Platelets are considered as a part of the innate immune system due to their ability to 

generate TNFα via a TLR4 dependent mechanism (116) and IL-1β which help in adhesion 

of neutrophils on endothelial cells (117). In addition, platelets also influence the adaptive 

immune system via CD154 which help in dendritic cell maturation, B cell isotype switching 

and augment CD8+ T cell responses (118). Platelet activation is increased in the patients 

with inflammatory cardiomyopathy (104) and these patients are vulnerable for thrombus 

formation (119). A high platelet to lymphocyte ratio is a poor prognostic factor for survival 

in heart failure patients (103).

Immune cells, including monocytes/macrophages, B-cells, T-cells, platelets, and neutrophils, 

are the major mediators of cardiovascular inflammations via releasing inflammatory 

cytokines. Recent advances in understanding the role of immune cells in cardiac 

inflammation helped to develop medicines based on cytokines which are discussed later 

in this article.

3.2 Cytokines: Cytokines released by immune cells are well known to promote or 

resolute cardiac inflammation. Among immune cells, pro-inflammatory macrophage is 

associated with cardiac inflammation while anti-inflammatory macrophage is associated 

with resolution of inflammation and tissue repair (120, 121). DeLeon-Pennell et 

al demonstrated that infection-derived LPS decreases the number of reparative anti­

inflammatory macrophages in the infarcted myocardium while increasing the level of pro­
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inflammatory macrophages (121). Monocytes, macrophages, B-cells, T-cells, platelets, and 

neutrophils are major sources of various cytokines in heart and other organs. We encourage 

our readers to read the reviews about the role of these white blood cells in inflammation, 

including cardiac inflammation (58, 64, 122). Briefly, monocytes are originated in the 

bone marrow and circulate to the target organs and differentiate into macrophages. Mouse 

Ly-6Chigh monocytes (equivalent to human CD16negative) are pro-inflammatory and release 

pro-inflammatory cytokines, including TNFα and IL-1β, while mouse Ly-6Clow monocytes 

(equivalent to human CD16positive) resolve inflammation via releasing IL-10 in addition to 

releasing TGFβ and VEGF. Neutrophils are accumulated at the site of injury within an hour 

of myocardial infarction and attach to endothelium using selectins present on endothelial 

cells membrane. The interaction of neutrophil’s integrin with endothelium is essential for 

strong adhesion and cellular migration. Following neutrophil infiltration, monocytes and 

macrophages arrive at the site of inflammation and present there till inflammation get 

resolved. In addition to releasing cytokines, the neutrophils release proteolytic enzymes and 

reactive oxygen species that can harm cardiac cells, including cardiomyocytes. Interleukins, 

interferons and TNFα are primarily studied pro-inflammatory cytokines in the context 

of cardiac inflammation. A cytokine can regulate the expression of other cytokines and 

modulate a wide array of cellular functions via multiple signaling pathways, mitochondrial 

dysfunction, and endoplasmic reticulum stress in cardiac cells (123). In the following 

subsections, we discuss the role of key cytokines associated with cardiovascular disorder.

3.2.1 IL-1β:  IL-1β released from immune cells, injured endothelial cells and cardiac cells 

is associated with further cardiac inflammation. Acute myocardial infarction induces IL-1β­

mediated cardiac inflammation which further damages the cardiac cells due to caspase-3­

mediated apoptosis (24). Inhibition of IL-1 signaling using IL-1 receptor antagonist 

(IL-1ra) gene transfer suppresses the M-variant of encephalomyocarditis virus (EMCV)­

induced myocarditis in mice with a parallel decrease of TNFα and iNOS (25). Platelet 

microparticles-conjugated with IL-1β antibody, gevokizumab, reduce cardiac inflammation 

and apoptosis, increase cardiac cells viability, and improve cardiac function following acute 

myocardial infarction. Gevokizumab treatment reduces pro-inflammatory cytokine (IL-1β, 

IL-5 and IL-6) expression and apoptosis in the hearts subjected to MI (24) suggesting 

that reducing inflammation can alleviate cardiac cell death. Furthermore, blocking IL-1β 
receptors via anakinra reduces pericardial inflammation in patient-associated with Erdheim–

Chester disease. Erdheim–Chester disease patients are characterized by inflammation due 

to excessive production and accumulation of histiocytes (large phagocytic macrophages) 

(124). Further, anakinra also reduces inflammation in the patients with pulmonary arterial 

hypertension and right ventricular failure characterized by higher level of high-sensitive 

CRP and IL-6 (125) (Fig. 2). Even though blocking IL-1β can reduce cardiovascular 

inflammation significantly, it may not completely stop inflammation. For example, though 

treatment with canakinumab, an anti-IL-1β monoclonal antibody, reduces cardiovascular 

events in patients with atherothrombosis, still some of the patients are vulnerable for future 

adverse cardiovascular events (126). Although canakinumab is known to reduce IL6 level, 

MI patients treated with canakinumab still show higher IL-6 level. Further, canakinumab 

does not regulate level of other inflammatory cytokines, such as IL-18, in patients with MI. 
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Thus, targeting multiple cytokines or inflammasomes that regulate the activation of IL-1 and 

IL-18 could be a good strategy to reduce cardiovascular events in MI patients (111).

3.2.2 IL-6: IL-6 is one of the most studied interleukins in the context of cardiovascular 

inflammation. It is a pro-inflammatory cytokine and is significantly involved in cardiac 

tissue damage following acute ischemic stress. It’s secretion is a major determinant of 

the production of acute-phase proteins that ultimately cause tissue damage and organ 

failure (132). Increased level of CRP and IL-6 are associated with an acute ischemic 

condition and are predictors of heart failure recurrence events (133, 134). Obese patients 

with cardiovascular risk have increased serum IL-6 level (135). Similarly, an increased 

serum IL-6 level is associated with endothelial dysfunction (26). Furthermore, chronic 

inflammation leads to increased expression of CRP, IL-6 and other cytokines in older 

patients and is one of the leading causes of mortality (136). The increased IL-6 level in 

patients following cardiac surgery is a strong predictor of mortality (137). Interestingly, 

sirukumab, an anti-IL-6 antibody, alleviates vascular inflammation and may provide vascular 

protection in patients (138). A clinical trial with anti-IL-6 receptor antibody, tocilizumab, is 

under investigation to study whether reducing systemic inflammation would reduce cardiac 

events in the patients. This trial will evaluate the effect of tocilizumab on the expression of 

pro-inflammatory and anti-inflammatory cytokines in the patients with cardiac arrest (139). 

In summary, as the expression of IL-6 is increased in multiple cardiovascular diseases, 

IL-6 can be a biomarker for heart failure. Furthermore, use of recombinant IL-6 antibody 

is shown to reduce cardiovascular inflammation, thus it could be a potential therapeutic 

molecule to manage heart failure.

3.2.3 IL-10: IL-10 is a pleiotropic anti-inflammatory cytokine, secreted by many immune 

cells including, Th2 cells, Treg cells, B-cells, mast cells and monocytes/macrophages. 

The anti-inflammatory property of IL-10 in cardiovascular biology is well established. A 

polymorphism at position - 1082 of the IL-10 promoter sequence reduces the production of 

IL-10 and increases the cardiac inflammation in diabetic patients (140). Similarly, during 

cardiac inflammation, the level of IL-10 decreases in the heart (29). In contrast, recombinant 

IL-10 treatment reduces cardiac inflammation via decreasing the level of IL-1, IL-6, IFNγ 
and iNOS (25, 141). In addition, the cardioprotective effect of IL-10 may also be mediated 

via an increase in macrophages polarization to an anti-inflammatory phenotype (61, 62) 

and/or upregulation of heme clearance pathway in the heart (141). Here, we discuss how 

IL-10 reduces cardiac inflammation and improves cardiac function in different heart failure 

models.

IL-10 protects the heart following MI via recruiting reparative stem/progenitor cells from 

the bone marrow to the heart. For example, IL-10 enhances the mobilization and homing of 

BM-derived endothelial progenitor cells to the heart following MI. SDF1 (CXCL12) which 

promotes movement of CXCR4 (CD184) positive stem cells from bone marrow to heart is 

decreased in IL-10 KO mouse following MI and intraperitoneal administration of SDF-1 

increases the mobilization of stem cells to the heart of IL-10 KO mice suggesting IL-10 

regulates stem cell mobilization via SDF-1 mediated mechanism (142). Further, reduced 

CXCR4 expression in IL-10 KO bone marrow endothelial progenitor cells (BM-EPCs) 

Goswami et al. Page 12

Pharmacol Res. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increases the susceptibility of BM-EPCs to death. Administration of IL-10 improves the 

retention of the transplanted BM-EPCs in the infarcted heart and thus improves cardiac 

function. Interestingly, WT bone marrow transplantation in IL-10 KO mice improves the 

cardiac function in IL-10 KO mice (142). Apart from protecting the heart by mobilizing 

endothelial progenitor cells, IL-10 also protects the heart by minimizing mobilization of 

fibroblast progenitor cells from bone marrow in the TAC model of cardiac hypertrophy 

via inhibiting miR-21 (143). Transplanting bone marrows from the WT mice in IL-10 KO 

mice alleviates TAC-induced cardiac fibrosis and improves heart function (143). Myocardial 

injection of BM-MNC expressing IL-10 into infarcted heart improves left ventricular 

function (stroke volume and +dp/dt) via decreasing T-lymphocyte accumulation, reactive 

hypertrophy and collagen deposition compared to BM-MNC lacking IL-10 (144).

Furthermore, in another elegant study, we have shown that IL-10 protects heart by inhibiting 

HuR, which is known to stabilize mRNAs of IL-1β and TNFα after binding to AU-rich 

elements (ARE) of these mRNAs, and thus reduce inflammation, apoptosis and fibrosis 

following MI (Fig. 3) (145, 146). Deletion of HuR in mouse macrophage minimizes the 

levels of TFGβ, TNFα and P53, after inflammatory insult (LPS) compared to control. 

In a mouse model of Trypanosoma cruzi infection, T-cells are reported to be the major 

source of IL-10 which reduces cardiac inflammation (147). Deletion of IL-10 upregulates 

iNOS expression in the cardiac tissue and causes myocarditis in mice infected with CVB3. 

Considering the role of macrophages in generating reactive nitric oxide from iNOS, IL-10 

might suppress myocarditis via polarization of cardiac macrophages in CVB3-infected 

mice (29). In addition, IL-10 reduces inflammation via STAT-3 dependent inhibition of 

NF-κB (14), IL-10 affects cardiovascular signaling in multiple pathways, both directly 

and indirectly. For example, IL-10 increases the angiogenic and survival of bone marrow 

angiogenic progenitor cell (BMAPC) via inhibition of microRNA-375 (miR-375) and 

increases the regeneration of cardiac cells after myocardial infarction (148) (Fig. 3).

The increase in the angiogenic potential of BMAPC by inhibition of miR-375 is due to 

upregulation of 3-phosphoinositide-dependent protein kinase 1 and subsequent activation of 

protein kinase B (also known as RAC-alpha serine/threonine-protein kinase). Interestingly, 

the level of miR-375 increases in the left ventricle within 5 days after myocardial infarction 

and treatment with IL-10 reduces the level of miR-375 in the mice subjected to MI (148). 

Similarly, the level of miR-375 is elevated in the patients of the heart suggesting clinical 

utility of their previous finding in the mice model (149). Further, myocardial deletion of 

miR-375 using AAV6/9 system augments the neovascularization, decreases cardiac fibrosis, 

minimizes inflammation and improves cardiac function after myocardial infarction with 

a parallel increase of anti-inflammatory macrophage polarization. Notably, inhibition of 

miR-375 minimizes the LPS-induced increase in the pro-inflammatory cytokines expression, 

including TNFα and IL-1β in macrophages (149). IL-10 mediated inhibition of miR-375 

also affects proliferation of endothelial progenitor cells and endothelial cell growth (150), 

which are important for cardiac regeneration following MI. For example, exosomes isolated 

from IL-10 KO mice have lesser potential to repair and proliferate endothelial progenitor 

cells compared to exosomes isolated from WT mice (150). Interestingly, deletion of 

miR-375 augments the reparative potential of exosomes isolated from the IL-10 KO mice 

(150) suggesting that IL-10 promotes endothelial cell growth via inhibition of miR-375. 
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Further, IL-10 minimizes inflammation of endothelial cells following damage to the carotid 

artery and reduces the development of neointimal growth (36) probably by interfering 

with activity of TNFα because IL-10 reduces TNFα-promoted adhesion of monocytes to 

endothelial cells, apoptosis and cell cycle arrest of endothelial cells, in vitro (36). Therefore, 

IL-10 may reduce stenosis-induced arterial inflammation and the development of thrombus 

in patients.

Recent studies have demonstrated that the cardioprotective role of IL-10 is, at least partly, 

mediated by regulating immune cell functions (61, 62). The level of pro-inflammatory 

macrophages (characterized by release of iNOS) significantly increase in myocardial tissues 

by day 7 following MI and then gradually decreases, while the level of anti-inflammatory 

macrophages (characterized by arginase expression) increases gradually from 7th day to 

day 28 with a parallel increase of IL-10 in the blood. Thus, IL-10 alleviates cardiac 

inflammation via polarizing anti-inflammatory macrophages (62). IL-10 treatment to mice 

following MI promotes polarization of macrophage to an anti-inflammatory phenotype 

and is associated with fibroblast activation resulting in better cardiac repair, improved 

left ventricular function (61). Interestingly, IL-10 treatment does not affect the level of 

pro-inflammatory macrophage (releasing/expressing CCL3, CCL5, IL1β, IL-6 and TNFα), 

but increases the level of anti-inflammatory macrophages (releasing/expressing arginase, 

mannose receptor 1/CD206, TGFβ1) in left ventricular infarct region of mice, in vivo. 

Similarly, when the macrophages isolated from the left ventricular infarction region are 

stimulated with IL-10, it displays an anti-inflammatory phenotype. IL-10 treatment improves 

proliferation and migration of post-MI cardiac fibroblast and reduces extracellular matrix 

accumulation 7 days after MI, which is required for prevention of tissue rupture and 

excessive fibrosis (61). Interestingly, expression of IL-10 on bone marrow derived stem cells 

negatively regulates cardiac inflammation and myocardial infarction (151). However, the 

expression of IL-10 is reduced in the bone marrow derived stem cells of diabetic mice (151). 

Delivery of bone marrow derived mesenchymal stem cell from diabetic mice overexpressing 

IL-10 via CRISPR activation system in the heart after MI improves survival of stem cells 

and reduces inflammatory cells infiltration and inflammatory cytokine production with a 

parallel increase of angiogenesis which favors reduction of MI and improvement of cardiac 

function (151). In this context, IL-10 also may minimize graft versus host disease via type-1 

regulatory T-cell (152) and B-cell (153) mediated mechanisms.

The anti-inflammatory and cardioprotective effect of IL-10 could also be mediated 

independent of immune cell biology. For example, IL-10 treatment minimizes infarct area 

and improves cardiac function due to improved capillary density, and reduced apoptosis via 

upregulation of heme clearance pathway (141) in the heart of diabetic mice subjected to MI. 

Thus, IL-10 can afford cardioprotection in diabetic mice by modulating iron biology. In this 

context, it would be interesting to study the effect of IL-10 on iron regulating hormones 

(hepcidin) and iron transporter (ferroportin) in diabetic heart failure.

In summary, IL-10 is an anti-inflammatory cytokine that has been studied extensively in 

the context of cardiac inflammation and alleviates cardiac inflammation via activating 

SDF1 and STAT3 while inhibiting HuR and microRNAs (miR-21 and miR375). It also 

reduces the polarization of pro-inflammatory macrophages but increases polarization of 
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anti-inflammatory macrophages. IL-10 alleviates MI and cardiac hypertrophy associated 

with fibrosis.

3.2.4 TNFα: TNFα is released from mast cells and macrophages, and a potent 

inflammatory cytokine implicated in cardiovascular inflammation by inducing multiple 

inflammatory cytokines via NFkB mediated mechanism (28, 154, 155). The TNFα (RNA 

and protein) level and its receptors (I and II) increase in the myocarditis patient’s 

heart. The degree of cardiac dysfunction positively correlates with the level of cardiac 

TNFα in the patients with viral myocarditis (156). Similarly, the level of circulating 

TNFα and its receptors increase in chronic heart failure patient (154, 155) resulting in 

cardiac remodeling via TNFα dependent activation of MMP-3 signaling pathway (155). 

As expected, myocardial rupture rate is less in TNFα knockout mice following MI 

compared to WT mice (157). Furthermore, genetic deletion of TNFα reduces inflammatory 

cell infiltration, minimizes LV infarct size, and improves mice survival following MI 

(157). TNFα knockout mice also shows reduced cardiac fibroblast activation, fibrosis and 

improved cardiac function following TAC (158). These data suggest the important role 

of TNFα in the progress of both hypertrophic and ischemic heart failure. At the cellular 

level, TNFα regulates inflammation and phagocytosis of endothelial cells. For example, 

TNFα dependent activation of NF-κB signaling induces the expression of IL-8 (a neutrophil 

chemotactic factor) in human microvasculature endothelial cell (28). In addition, TNFα 
also induces intercellular adhesion molecule (ICAM, also known as CD45) on endothelial 

cells (159) that helps in the adhesion of leukocytes which drives further inflammation 

and phagocytosis of endothelial cells as well as nearby tissues. Treatment with anti-TNFα 
antibody decreases the level of cardiac inflammation and necrosis, and mortality in infected 

mice (27). Treatment with etanercept, a TNFα receptor blocker, alleviates cardiac damage 

and improves cardiovascular function with a parallel decrease in the level of TNFα and 

IL-17 in psoriasis patients (160). Thus, the use of TNFα inhibitor seems to be a promising 

medicine to alleviate cardiovascular dysfunction associated with inflammation in psoriasis 

patients. In summary, TNFα is another widely studied inflammatory cytokine released from 

multiple immune cells, including macrophages. It is associated with immune cell infiltration, 

inflammation, fibrosis and left ventricular dysfunction in models of heart failure. Blocking 

the action of TNFα reduces cardiac inflammation and dysfunction in animal models and 

patients.

3.2.5 Interferon: Interferon is also a group of cytokines associated with inflammation via 

their interaction with leukocytes, including macrophages and monocytes (161, 162) and IFN 

also drives inflammatory cell death (163). Originally, the interferon was reported to protect 

the host cells from viral infection by ‘interfering’ with viral replication. Among the 3 types 

of interferons, type II (interferon γ) is studied commonly in cardiovascular inflammation 

(164, 165).

IFNγ drives cardiovascular inflammation via stimulating macrophages (161). IFNγ induces 

multiple genes in monocytes, including C–X–C motif chemokine 10 [(CXCL10 or 

interferon γ-induced protein 10 kDa (IP10)], ISG54 and ICAM-1 via STAT1 mediated 

signal transduction (162). Interestingly, ISG54 induces apoptosis in a BAX and BAK 
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dependent manner (166) and it is regulated by IFNγ (167). Thus, INFγ may facilitate 

cardiac apoptosis via activation of ISG54. Interferons regulates expression of other 

cytokines, and vice-versa. On the arterial wall, IL-12/IL-18-activated T-cells secrete IFNγ 
(Th1) (165), which suppress proliferation of anti-inflammatory Th2 cells that can be 

inhibited by IL-10 (162). Based on one school of thought, IFNγ-induced activation of 

macrophages releases reactive nitrate intermediates, including NO and peroxynitrite, which 

has an antiviral effect. Based on this hypothesis, researchers reported a low and delayed 

release of IFNγ in the heart of mice susceptible to CVB3 infection (29). The level of IFN-γ 
in the patients with coronary artery disease is higher and it decreases with exercise due to a 

parallel increase in the level of anti-inflammatory IL-10 and a decrease of cardiac damage 

marker, CRP (168). Therefore, exercise may alleviate IFNγ associated coronary artery 

disease via alleviating inflammation. These reports suggest that genetic deletion of IFN-γ 
may be helpful in alleviating cardiac inflammation. However, global genetic deletion of 

IFNγ augments autoimmune myocarditis (169). It is evident that though IFN-γ is associated 

with cardiac inflammation, complete deletion of IFNγ would be deleterious to the heart. 

In summary, IFNγ is an inflammatory cytokine which activates monocytes/macrophages to 

induce cardiac inflammation. Though genetic knockout of IFNγ may not help in cardiac 

inflammation, reducing the level of IFNγ or interfering with the activity of IFNγ by various 

means, including exercise or IL-10 treatment, could be helpful in cardiac inflammation.

As discussed above, antagonizing inflammatory cytokines would reduce cardiovascular 

inflammation and improve cardiovascular function. Some of the cytokines, including IL-1β 
and IL-18 are activated by inflammasome. Therefore, targeting the inflammasome is also a 

good option to reduce cardiovascular inflammation. The immunosuppressive drugs, such as 

cyclosporine, reduce the formation of inflammatory cytokines and are helpful in reducing 

inflammation (IL-6 and TNFα) and cardiac damage, and improve cardiovascular function 

(140), though care should be taken for unwanted adverse effects.

4. Molecules that alleviate cardiac inflammation

We have discussed how cytokines, including ILs, TNFα and IFNγ released from immune 

cells, promote/resolute cardiac inflammation. Among the discussed: IL-1, IL-6, TNFα 
and IFNγ promote cardiac inflammation. Fortunately, antibodies against IL-6 receptor 

(tocilizumab) (40, 41), IL-1β (canakinumab) (126), IL-1 receptor (anakinra) (39) and 

TNFα (etanercept) (160) reduce cardiac inflammation and adverse cardiac events. However, 

caution is required during the administration of these antibodies because of the increased 

incidence of infection. Inflammatory cytokines are helpful for killing invading pathological 

microorganisms, thus, neutralizing them can result in an increase in bacterial infection. In 

this context, using anti-inflammatory IL-10 seems a good option. IL-10 resolutes cardiac 

inflammation by various pathways. IL-10 alleviates cardiac inflammation and remodeling 

via inhibiting SMAD (143), miR-375 (148), miR21 (143), HuR (145, 170) and P53 

(146), but stimulating SDF-1 (146). IL-10 also reduces cardiac inflammation via negatively 

regulating IL-1 (145), IL-6 (145) and TNFα (14, 171).

Some of the clinically used medicines to manage cardiac disease and infection also 

decrease inflammation. For example, angiotensin-converting enzyme (ACE) inhibitor­
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enalapril decreases cardiac inflammation in the heart of mice infected with T. cruzi 
with a collateral decrease of inflammatory cells in the heart compared with untreated 

mice (172). Similarly, lipid-lowering medicine, simvastatin, which inhibits 3-hydroxy-3­

methylglutaryl (HMG) coenzyme A reductase, minimizes cardiac inflammation, improves 

left ventricular ejection fraction, reduces left ventricular mass, and alleviates fibrosis in T. 
cruzi infected dogs (173) by elevating the level of IL-10 in the plasma (173). Pretreatment 

of azithromycin, an antibiotic, reduces cardiac inflammation and cardiac remodeling after 

MI in mice (174). Pimobendan, a phosphodiesterase type III inhibitor with calcium 

sensitizing properties is used to manage cardiac failure in animals, also alleviate cardiac 

inflammation. Pimobendan reduces myocardiotrophic variant of encephalomyocarditis 

(EMC) virus-induced myocarditis that is associated with inflammatory cell infiltration in 

the heart. Pimobendan also reduces the level of TNFα and IL1β in the heart and decreases 

the level of iNOS and its enzymatic product nitric oxide (NO), which increases nitrosative 

stress (175). A reduction in the level of IL-1β, IL-6, and TNFα by the PDE inhibitor is not 

due to the canonical cAMP/ cGMP pathway as either cAMP or cGMP does not reduce the 

production of IL-1β, IL-6 and TNFα in peripheral blood mononuclear cells, in vitro (176). 

Therefore, these medicines may alleviate cardiac inflammation in patients or animals taking 

these medicines.

Apart from cytokine-based treatment, few clinically used medicines, including those 

used for managing hypertension (enalapril), high cholesterol (simvastatin), heart failure 

(pimobendan) and bacterial infection (azithromycin) decrease cardiac inflammation in 

animal models. Clinical studies to evaluate the role of these medicines to reduce cardiac 

inflammation are warranted so that these medicines may be used in patients/subjects with 

cardiovascular diseases or infection associated with cardiovascular inflammation.

5. Clinical trials of anti-inflammatory compounds for reducing cardiac inflammation

The level of inflammatory cytokines (IL-1β, IL-6 and IL-18) and sensitivity C-reactive 

protein, an inflammatory biomarker, increase in cardiac patients vulnerable to develop 

heart failure (177, 178). As we have discussed earlier, decreasing inflammation in the 

cardiovascular system would decrease cardiac remodeling and improve cardiac function. 

Therefore, many molecules are being evaluated in the clinical trials to alleviate cardiac 

inflammation and increase cardiac function.

Canakinumab, an IL-1β antibody, decreases recurrent cardiovascular events (MI and angina) 

in atherosclerosis patients harboring MI with a decrease in CRP. The cardioprotective effect 

is independent of lipid-level lowering property suggesting anti-inflammatory effect of the 

antibody medicine is helpful in reducing cardiovascular events (66). Thrombocytopenia, 

neutropenia, and incidence of sepsis are some of the side effects of canakinumab, which 

should be kept in mind while treating the patients with this medicine (66). Colchicine, an 

anti-inflammatory medicine to manage gout and pericarditis, when given with lipid lowering 

medicine (statin) reduces cardiovascular events in patients with stable coronary disease 

(179). When used independently, colchicine also reduces risk of ischemic cardiac events 

(42) in patients with MI which could be due to a decrease in local cardiac production 

of inflammatory cytokines, including IL-1β, IL-6, and IL-18 (180). The common adverse 
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events observed with colchicine treatment are gastrointestinal events, diarrhea, nausea, and 

pneumonia (42). Anakinra, an anti-inflammatory recombinant IL-1R antagonist, reduces 

the level of C-reactive protein in patients with non-ST elevation acute coronary syndrome 

after 2 weeks of treatment suggesting cardioprotective effect. However, an increase in the 

incidence of major adverse cardiovascular events, including death, stroke, and new MI, are 

reported following the withdrawal of the treatment for up to 1 year. A detailed mechanistic 

study is required to elucidate the negative effect of anakinra on the cardiovascular system 

after its withdrawal. Inclacumab, an anti-inflammatory antibody against P-selectin, exerts 

cardioprotective effect via reducing troponin I and myocardial creatine kinase after non­

ST elevation acute coronary intervention (181). However, inclacumab does not reduce 

saphenous vein graft disease following coronary artery bypass graft surgery (182). Even 

though we described clinical success of many anti-inflammatory molecules in heart disease, 

not all anti-inflammatory molecules reduce all cardiac events associated with inflammation. 

For example, inclacumab (182), darapladib (a lipoprotein-associated phospholipase A2 

inhibitor) (183, 184), varespladib (an inhibitor of secretory phospholipase A2) (185), 

methotrexate (anticancer compound) (186), and succinobucol (antioxidant compound) (187) 

failed to show cardioprotective effect.

Pre-clinical data from our and others lab suggest that IL-10 could be helpful in reducing 

cardiac inflammation and remodeling. Though there are no clinical trials registered for 

evaluating the efficacy of IL-10 in cardiovascular diseases, its clinical trial is being 

continued in other inflammation associated diseases. A Phase 2 clinical trial is under 

progress to evaluate efficacy, safety and tolerability of a novel IL-10 conjugate (F8IL-10) 

in alleviating ulcerative colitis as an add-on therapy to infliximab (ClinicalTrials.gov 

Identifier: NCT03269695). Efficacy and safety of gastrointestinal selective IL-10 fusion 

protein (AMT-101) is being evaluated in ulcerative colitis (ClinicalTrials.gov Identifier: 

NCT04583358) and pouchitis (ClinicalTrials.gov Identifier: NCT04741087) as well. If these 

IL-10 conjugates are approved for clinical use, the effect of these agents can be evaluated 

on cardiac inflammation. Clinically approved anti-inflammatory compounds, which reduce 

cardiac inflammation by managing cytokines level and recruitment of leukocytes can be 

used to manage cardiovascular diseases.

6. Conclusion:

In conclusion, limiting cardiac inflammation would protect the heart in various 

pathological conditions by minimizing adverse cardiac remodeling. Minimizing activation 

of inflammatory immune cells, including T cells, neutrophils, and mast cells would reduce 

cardiac inflammation. Though few commercially available antibodies against inflammatory 

cytokines reduce cardiac inflammation, caution should be employed for administering these 

agents due to increased chances of infection. IL-10 remains a good target to manage cardiac 

inflammation. Other clinically used medicines are found to reduce cardiac inflammation. 

Though these medicines cannot be used only for reducing cardiac inflammation, these 

medicines may be preferred over other medicines with similar mechanisms of action in 

patients with systemic and cardiac inflammation.
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Abbreviations:

ACE angiotensin converting enzyme

Akt RAC-alpha serine/threonine-protein kinase

BAK Bcl-2 antagonist/killer

BAX Bcl-2 like protein 4

Bcl-2 B-cell lymphoma 2

BM Bone marrow

BM-MNC Bone Marrow-Mononuclear cell

BMPAC Bone marrow progenitor angiogenic cell

cAMP cyclic adenosine monophosphate

cGMP cyclic guanosine monophosphate

CCL chemokine (C-C motif) ligand

CCR2 C-C motif Chemokine receptor 2

CD Cluster of differentiation

CRP C reactive protein

CVB Coxsackie B Virus

Cxcr C-x-c motif chemokine receptor

EMCV Encephalomyocarditis virus

ERA estrogen replacement and atherosclerosis

GCSF granulocyte colony stimulating factor

GMCSF granulocyte macrophage colony stimulating factor

HFD high fat diet

HuR Hu family of RNA-binding protein

ICAM intercellular adhesion molecule

IFN Interferon

IL interleukin
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iNOS inducible nitric oxide synthase

ISG54 IFN-stimulated gene 54

JAM-A Junction adhesion molecule A

KO knockout

LPS lipopolysaccharide

MIP Macrophage inflammatory protein

MCP monocyte chemotactic protein

MCSF macrophage colony stimulating factor

MI myocardial infarction

miR microRNA

MMP matrix metalloproteinase

PAI-1 Plasminogen activator inhibitor-1

PDE Phosphodiesterase

PDK1 3-phisphoinositide-dependent protein kinase 1

PSGL-1 P-selectin glycoprotein ligand 1

ROS reactive oxygen species

SDF-1 stromal cell–derived factor 1

SMAD small mothers against decapentaplegic, a transcription factor protein

STAT signal transducers and activators of transcription

STZ streptozotocin

s-VCAM soluble vascular cell adhesion molecule

TAC Transverse aortic constriction

TCR-α T cell receptor α

TLR Toll like receptor

TNF tissue necrosis factor

TGF transforming growth factor

VEGF vascular endothelial growth factor

WT wild type
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Fig. 1. IL-10 regulation of cardiac cell biology:
IL-10, an anti-inflammatory cytokine, is secreted from different immune and lymph cells, 

which inhibits isoproterenol (ISO)-induced hypertrophy and TNFα-mediated signaling, 

including inflammation. ISO-mediated activation of G-protein coupled receptor (GPCR) 

results in generation of Ras-GTP from Ras-GDP. Ras-GTPase activates inhibitor of nuclear 

factor-κB (IκB) kinase (IKK) via p38 which results in upregulation of hypertrophic and 

inflammatory genes expression. Activation of IL-10 receptor 1 (IL-10R1) and 2 (IL-10R2) 

by IL-10, results in phosphorylation of STAT3 which inhibits p38 and IKK, thus blunting 

ISO-induced hypertrophic signal in the cardiac muscle cells. Furthermore, IL-10 also 

protects endothelial cells from inflammatory injury following damage to the carotid artery 

and inhibits intimal hyperplasia. In vitro, IL-10 inhibits TNFα induced-apoptosis and cell 

cycle arrest of endothelial cells, and adhesion of monocytes to endothelial cells.
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Fig. 2: IL-1β augments cardiac inflammation.
Inflammation augments NFkB mediated inflammatory genes expression, including Nlrp3 

(inflammasome). Further, inflammasome-mediated caspase-1 activation produces IL-1β 
from pro-IL-1β (127). Neutrophils help in the production of IL-1β via releasing protease 

(128). In general, IL-1β via acting through its receptor (IL-1R) activates NFkB and AP1 

signaling, which leads to the generation of inflammatory mediators (iNOS, IL-6, TNFα, 

MCP1, VCAM1, COX2, etc.), apoptosis (p53, Bak, etc.), hypertrophy (ANP, βMHC, etc.) 

and fibrosis (MMPs, TGFβ, ECM, etc.) in heart (129–131). VCAM1, MCP1 and COX2 

derived lipids help in the leucocyte adhesion and favors blood clot formation via their 

interaction with endothelial cell (131). Anakinra (IL-1R blocker) and antibodies against 

IL-1β (gevokizumab and canakinumab) inhibits inflammatory activity of IL-1β.
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Fig. 3. IL-10 helps in cardiac regeneration and protects the heart via alleviating inflammation 
and apoptosis.
IL-10 inhibits miR-375 which upregulates PDK1/AKT pathway and increases angiogenesis 

and cell survival of bone marrow angiogenic progenitor cells (BMAPC). The miR-375 

inhibition in BMAPC increases its survival after transplantation in the heart following MI. 

This suggests how IL-10 can protect the heart following MI via downregulating miR-375. 

Following MI, the level of SDF-1 decreases which reduces bone marrow progenitor 

cell mobilization and homing to the heart that impairs cardiac regeneration. Exogenous 

administration of IL-10 increases the expression of SDF-1 which helps in the movement 

of bone marrow progenitor cells and improves cardiac function in an infarcted heart. 

The deletion of HuR protein in macrophage reduces the level of TNFα, p53 and TGF-β 
following inflammatory insult. Upon binding of HuR to AU-rich elements (AREs) in the 

3 untranslated regions of mRNA of inflammatory cytokine, including IL-1β and TNFα, 

stabilizes the cytokines which augments cardiac inflammation. HuR also promotes apoptosis 

via p53 signaling and augments fibrosis via activation of TGF-β. IL-10 inhibits HuR and, 

therefore, reduces cardiac inflammation, apoptosis and fibrosis. In IL-10 KO mice, the 

deletion of HuR alleviates cardiac dysfunction. IL-10 also inhibits the movement of bone 

marrow fibroblast progenitor cells following pressure overload-induced hypertrophy and 

minimizes cardiac fibrosis.
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